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Abstract 
Abstract 
Dispersant viscosity modifiers (DVMs) are multi functional lubricant additives 
combining in one additive composition, dispersancy and the ability to improve the 
viscosity of a lubricant, at high engine temperatures, sufficiently to maintain efficient 
lubrication. Compounds useful for this purpose are characterized by a polar group 
attached to a relatively high molecular weight hydrocarbon chain. Polymeric 
compounds that were studied for possible use as DVMs were maleated ethylene-
propylene copolymers and copolymers containing an alkyl methacrylate and vinyl 
amine-containing monomers. 
The current method used by Lubrizol to prepare grafted polar monomers onto 
saturated polymers is a solvent-based chemical route, which involves precipitation, 
filtration, drying and then dissolution in base oil. Because of those drawbacks, an 
alternative synthesis needs to be found to get a much more cost-effective product. 
Therefore, the main objectives of this research were to apply melt techniques to 
replace the solvent-based free radical grafting reaction and to optimise the grafting 
level without product detriment. The grafting reactions were, firstly, carried out in an 
internal mixer. The parameters investigated were melt temperature, reaction time, 
screw speed and the concentrations of maleic anhydride (MA) and dicumyl peroxide 
(DCP). The most efficient analytical technique for grafting quantification was 
established. FTIR analysis and chemical titration methods were used to determine the 
grafting yield of MA onto an ethylene-propylene copolymer. Characterization of the 
grafted material was undertaken by GPC and DSC. Grafting MA onto an ethylene-
propylene copolymer on a large industrial scale was achieved by transferring the 
small-scale academic procedure to an industrially viable synthesis. Then, the grafted 
polymer was converted into succinimides using two types of primary amine: 4-
aminodiphenylamine (ADPA) and 3-(dimethylamino)propylamine (DMAPA), for 
dispersancy tests. From the dipersancy results, a material with an aromatic amine in 
the polymer backbone has better dispersancy performance than a non-aromatic amine. 
The most promising dispersant was the modified-grafted polymers with ADPA. 
Indeed, good soot handling was observed up to 125°C, but its performance was not as 
good as the commercial HITEC 5777 materials. 
Abstract 
Copolymers of N-(anilinophenyl)methacrylamide (APMA) and n-butyl methacrylate 
(nBMA) and their corresponding homopolymers were synthesised by free-radical 
solution polymerisation. The copolymers were structure-elucidated by FTIR, IH_ 
NMR and I3C-NMR spectroscopic techniques, MTDSC and GPC. Copolymer 
compositions were determined by IH-NMR analysis. Calculation of monomer 
reactivity ratios revealed that the copolymers have an alternating structure. Then, the 
data obtained were used to perform terpolymersiations of APMA with nBMA and CI2-
15 methacrylate in base oil. IH NMR spectroscopy confirmed the presence of a 
relatively low amount of unreacted monomer indicating that high conversion was 
obtained for the terpolymers. The molecular weight distributions of the terpolymers 
were determined using GPC. The samples had generally similarly shaped molecular 
weight distributions and polydispersity indices which were higher than 2. The weight 
average molecular weight of the terpolymers was above 200,OOOg/mol and increased 
with a decrease in the nBMA content in the feed. Those terpolymers were tested by 
Lubrizol for dispersancy performance. The results clearly indicated that the soot 
handling of the terpolymers depends on comonomer composition and it increased 
with increasing nBMA content. However, the results were not as good as the 
established commercial target (HITEC 5777) or the aromatic polysuccinimide. 
Therefore, further formulation work needs to be undertaken to improve the 
performance. 
Key words: 
Dispersant viscosity modifier, maleic anhydride, n-butyl methacrylate, N-
(anilinophenyl)methacrylamide, twin-screw extruder, internal mixer, free radical 
polymerisation, modulated-temperature differential scanning calorimetry. 
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Abbreviations 
Polymers and chemicals 
AIBN 
ADPA 
APMA 
BCP 
BPO 
BTB 
CHCh 
DSAn 
DBHA 
DMAPA 
DTBHY 
DTBP 
DTBPH 
DCP 
DVM 
EOR 
EPR 
HDPE 
HMCN 
HQ 
LDPE 
LLD PE 
LPO 
LUP 
MA 
MDPE 
MEHQ 
MeOH 
MMA 
OCP 
a,a' -azo-bis-isobutyronitrile 
4-aminodiphenylamine 
N -( anilinophenyl)methacrylamide 
t-butyl a-cumyl peroxide 
Benzoyl peroxide 
Bromothymol blue 
Chloroform 
2-dodecen-1-ylsuccinic anhydride 
2,5-Dimethyl-2,5-di(t-butylperoxy) hexane 
3-(Dimethylamino )propylamine 
2,5-Di(t-butylperoxy)-2,5-dimethyl-3-hexyne 
Di-t-butyl peroxide 
2,5-Dimethyl-2,5-di(t-butylperoxy) hexane 
Dicumyl peroxide 
Dispersant viscosity modifiers 
Ethylene-octene copolymer 
Ethylene-propylene copolymer 
High density PE 
3,3,6,6,9,9-hexamethyl 1,2,4,5-tetraoxa cyclononane 
Hydroquinone 
Low density PE 
Linear low density PE 
Lauryl peroxide 
Luperox 101 
Maleic anhydride 
Medium density PE 
Hydroquinone mono methyl ether 
Methanol 
Methyl methacrylate 
Ethylene-propylene copolymer (E:P 50/50) 
4 
Abbreviations 
PE 
PP 
SA 
SAc 
St 
TB 
TBAOH 
TBHP 
VM-8 
Miscellaneous 
v 
ACEA 
CTA 
Cl 
D 
DMA 
DP 
DSC 
DVM 
El 
FTIR 
GC 
GPC 
ICI 
IR 
L 
LID 
MFI 
MFR 
MTDSC 
Mn 
MS 
Polyethylene 
Polypropylene 
Succinic anhydride 
Succinic acid 
Styrene 
Thymol blue 
Tetrabuthyl ammonium hydroxide 
T -butyl hydroperoxide 
Ethylene-propylene copolymer (E:P 75/25) 
Average kinetic chain length 
Association des Constructeurs Europeens d' Automobiles 
Chain transfer agent 
Chemical ionisation 
Diameter of the screw 
Dynamic mechanical analysis 
Degree of polymersiation 
Differential scanning calorimetry 
Dispersant viscosity modifier 
Electron ionisation 
Fourier transform infrared 
Gas chromatography 
Gel permeation chromatography 
Imperial Chemical Industries 
Infrared 
Length of the extruder screw 
Ratio of length to diameter of screw 
Melt flow index 
Melt flow rate 
Modulated temperature differential scanning calorimetry 
Number average molecular weight 
Mass spectroscopy 
5 
Abbreviations 
Mw 
NMR 
PDI 
ppm 
RI 
RT 
rpm 
SEC 
TAN 
Tc 
Tg 
Tm 
UV 
Weight average molecular weight 
Nuclear magnetic resonance 
Polydispersity index 
Parts per million 
Refractive index 
Room temperature 
Revolutions per minute 
Size exclusion chromatography 
Total acid number 
Crystallisation temperature 
Glass transition temperature 
Melting point 
Ultraviolet 
6 
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1 Introduction 
Hydrocarbon oil compositions typically comprise a mixture of at least one 
hydrocarbon base oil and one or more additives, where each additive is employed for 
the purpose of improving the perfonnance and properties of the base oil in its 
intended application; e.g. as a lubricating oil, heating oil, diesel oil, middle distillate 
fuel oil and so forth 1.3. 
Lubricating oils for internal combustion engines typically contain a multitude of 
additives which function as detergents, dispersants, viscosity index improvers, pour 
depressants etc. in order to enhance specific characteristics. The amounts of additive 
present in a lubricating oil range from less than 1 wt% to 25wt% or more of the total 
oil fonnulation. One of the most abundant additives is the dispersant making up about 
40 -50wt% 2. 
Dispersant viscosity index improvers (dispersant viscosity modifiers) are 
multifunctional lubricant additives combining in one additive composition, 
dispersancy and the ability to improve the viscosity of a lubricant, at high engine 
temperatures, sufficiently to maintain efficient lubrication 3. They have two different 
structural features: those that are similar to materials employed as viscosity modifiers 
and those of polar compounds 1,3. Compounds useful for this purpose are 
characterized by a polar group attached to a relatively high molecular weight 
hydrocarbon chain. The polar group generally contains one or more of the elements 
nitrogen, oxygen and phosphorus 3. 
Non - polar, hydrophobic tail 
hydrophilic head 
~ 
Metal surface 
\ . ./ 
----l~~ -f~--"'Sootpart;de 
Figure 1 Polymeric dispersant I. 
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Dispersancy is the ability of a polar organic chemical to suspend in a lubricant dirt, 
insoluble combustion by-products and other impurities which otherwise would form 
harmful deposits on engine surfaces 1-3 . Dispersants help prevent sludge, varnish and 
other engine deposits that form as the engine oil decomposes due to hydrocarbon 
oxidation, by keeping particles suspended in a colloidal state. Decomposition in spark 
ignition passenger car engines forms sludge while decomposition in diesel engines 
results in soot formation. 
sludge deposits 
Figure 2 Carbonaceous deposits from fuel and lubricant 4. 
Viscosity modifiers, or viscosity index improvers as they were formerly known, 
comprise a class of materials that improves the viscosity/temperature characteristics 
of the lubricant 1-3 . This modification of rheological properties results in increased 
viscosity at all temperatures. The viscosity increase is more pronounced at high 
temperatures which significantly improves the viscosity index of the lubricant 1-3 . 
Many lubricating oils at ambient temperatures provide substantial viscosity for 
efficient lubrication. However, at elevated engine temperatures, the oil can lose a 
substantial amount of viscosity and will be unable to form lubricant films that provide 
efficient lubrication 1-3. 
A viscosity index imp rover is generally a polymeric material that, in an oil solution at 
ambient temperatures, exists in a tightly coiled state, which contributes little to 
viscosity 1-3. As the temperature of the oil increases to the operating temperature of 
8 
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the engine the polymeric additive uncoi1s and extends itself in solution. The uncoiled 
linear nature of the polymer contributes to the viscosity of the lubricating oil in direct 
relation to the degree of linearity of the polymer 1-3. At the operating temperature of 
an engine, the substantially uncoi1ed linear polymeric material contributes substantial 
viscosity to the oil ensuring lubricant film formation and efficient lubrication. In 
addition to viscosity improvement, the performance of these polymers also depends 
on shear stability or resistance to mechanical shear and on their chemical and thermal 
stability. With a given polymer system, shear stability decreases with an increase in 
molecular weight. The loss due to shear is reflected in a loss in lubricant viscosity 1-3. 
On the other hand, the "thickening power" of the viscosity modifier increases with an 
increase in molecular weight for a given polymer type. A performance balance must 
then be established which takes into consideration shear stability and viscosity needs 
as well as thermal and oxidative stability in actual engine operation 1-3. 
Dispersant viscosity modifiers are prepared from olefins having a relatively high 
molecular weight between about 2,000 to 100,000. Examples of DVMs are 
po1ymethacry1ates, po1yacry1ates, po1yo1efins, styrene-ma1eic ester copolymers, and 
similar polymeric substances including homopolymers, copolymers and graft 
copolymers 1-3. 
Polymeric compounds that were studied for possible use as DVMs were ma1eated 
ethylene-propylene copolymers and copolymers containing alkyl methacrylate and 
vinyl amine-containing monomers. 
~ Grafting of MA onto ethylene-propylene copolymers 
Chemically modified po1yo1efins such as grafted polar monomers onto saturated 
polymers is widely used by Lubrizol as lubricants in engine oil. The current method 
used by Lubrizo1 to prepare this polymeric compound is a solvent-based chemical 
route, which also requires a long time. Due to those drawbacks, an alternative 
synthesis needs to be found to get a much more cost-effective product. 
During the last decades, great interest has been shown in the melt grafting process in 
either extruders or internal mixers 5,6. Extruders act as a chemical reactor and by 
9 
Chapter 1,' Introduction 
comparison to the grafting III solution, the melt grafting has several advantages 
including the absence of solvent, short residence time and continuous operation. 
However, when using polyolefins as the backbone polymer some, typical side effects 
occur such as degradation and/or crosslinking 7.19. Those side reactions are strongly 
enhanced by peroxide even though the addition of mono mer moderates the effect. The 
side reactions often limit the efficiency of grafting and an increase in temperature give 
rise to discoloration and chain scission or crosslinking 6. Therefore, there are 
difficulties encountered for the grafting of MA on polyolefins by reactive extrusion 
such as the grafting level limitation. 
In recent years, a general understanding of the effects of the processing parameters on 
the free radical of MA into polyolefin in extruders have been achieved 8, 11, 11,20.24. 
The effect of various parameters on the level of grafting such as the polyolefins used 
\0,21,25,26, the nature and concentration of peroxides 12,13,20,21,27.31, the concentration 
of maleic anhydride 9,20,22,23,32·35 and temperature 21,27 were also covered. In this 
study, the polyolefin used was an ethylene-propylene copolymer with 75wt% of 
ethylene units. There are no data available on the grafting level of such a copolymer. 
Therefore, the effect of operating conditions (screw speed, temperature, concentration 
of peroxide and monomer and residence time) were studied. Experiments were firstly 
performed in a Haake Rheocord laboratory batch internal mixer since the amount of 
raw materials required is not excessive. The acquired knowledge was then applied to a 
large scale production by using a twin screw extruder. The internal mixer results were 
helpful in optimising the processing conditions and the scaling up in the continuous 
device. 
However, measurement of bound maleate is complicated by several factors, such as 
the presence of unreacted maleic anhydride and the fact that the grafted succinic 
moieties may be p;esent in the acid or anhydride forms 9,36-38. Several analyses have 
been suggested, such as FTIR spectroscopy 9, 13, 14, 17, 18,20,21,25,27-29,31,36,37,39,40 and a 
titration technique 9, 11,22,23,30,31,33,36,38,40,41. However, in order for the reacted 
maleic anhydride to be analysed by any aforementioned methods, it is necessary to 
verify that the purification method used for removing unreacted mono mer is efficient. 
Therefore, efforts were focused on finding the appropriate purification method for 
10 
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removal of residual maleic anhydride and on proposing an accurate and reproducable 
method for the quantification ofthe grafting level. 
The main objective was to apply extruder techniques to replace the solvent-based free 
radical grafting reaction currently used. 
Specifics objectives were as follows. 
o To optimise the grafting level without product detriment. 
o To characterize the grafted material and to quantify the level of grafting. 
o To establish the most efficient analytical technique for the grafting 
quantification. 
o To apply the acquired knowledge to a large-scale production. 
~ Copolymers of vinyl amine-containing monomers with alkyl 
methacrylate 
Acrylates have a broad practical application due to their excellent properties which 
are high transparency, light weight, good mechanical and electrical properties, easy 
formability, good resistance to high temperature, aging and chemicals. Their major 
markets include coatings, textiles, adhesives, paper, plastics, medicine, paint, and 
agriculture 42,43. 
They also have excellent dispersancy properties 44 and the ability to copolymerise 
with other monomers 42. Copolymers usually have better properties than their parent 
homopolymers 45-48 and methacrylate polymers have a great interest in lubricant 
applications 44,49. Therefore, copolymerisation of alkyl methacrylate with a suitable 
comonomer leads us to believe that they can be a good candidate for possible use as 
DVMs. 
In order to maintain oil solubility of the copolymer, the alkyl chain of the 
methacrylate monomer has to be in excess of CI2 (dodecane). However, in order to 
understand the system of methacrylate with comonomer, copolymerisation was firstly 
11 
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undertaken using a short alkyl chain such as butyl methacrylate. The acquired 
knowledge was then applied to a higher alkyl chain methacrylate. 
Free radical copolymerisation is industrially the most common methods for producing 
polymeric materials. Moreover, methacrylate monomers have unsaturated terminal 
sites which make them highly reactive and they react quickly via free radical 
polymerisation 50. Therefore, the selected comonomer has to contain a polymerisable 
vinyl group. The choice was also based on the previous work undertaken by Lubrizol 
which showed that good DVMs were obtained when the comonomers were flat 
structures containing aromatic groups and nitrogen. Finally, selection was also based 
on likely efficiency, cost, safety and evidence of their use in the literature. 
Several copolymers of butyl methacrylate and the selected co mono mer, having 
different copolymer compositions, and homopolymers were synthesised by free 
radical polymerisation in solution. The composition of monomeric units in the 
copolymer system was calculated by IH-NMR spectroscopy. The reactivity ratios 
were calculated by employing the Fineman-Ross and Kelen-Ttidos methods. The 
copolymers were characterised by FTIR spectroscopic techniques. By using gel 
permeation chromatography, weight average and number average molecular weights 
and polydispersity indices of the copolymers and homopolymers were determined. 
Thermal properties of the homopolymers and copolymers were determined by 
differential scanning calorimetry and dynamic mechanical analysis. 
Then, copolymers of higher alkyl chain length and the selected comonomer were 
synthesised by free radical copolymerisation in solution. The same characterisation 
techniques as for nBMA were used. 
The aims of the second part ofthe project were as follows. 
o To select the appropriate amine-containing comonomers that can be 
polymerised with alkyl methacrylates for possible use as dispersion viscosity 
modifiers. 
o To synthesis the copolymer by conventional free radical polymerisation. 
o To characterise and study the polymerisation kinetics of the copolymers. 
12 
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2 Background and theory 
2.1 Introduction to polymer synthesis 
Polymer materials belong to a group of materials which are met in most areas of 
everyday life: clothing, buildings, automobiles, cosmetics, electronics for radio, 
television and computers, household utensils etc. All these materials contain polymers 
as their characteristic components. 
The word polymer comes from the Greek poly, meaning "many" and meros meaning 
"parts". Polymers are often of synthetic origin (plastics: polyethylene, PVC; synthetic 
fibres: nylons, polyesters; rubber substitutes: polyurethane; ... ), but there are also 
naturally occurring polymers which are highly important for life, for example, 
enzymes, proteins, DNA, starch and cellulose. 
The first "synthetic" polymers appeared in the 19th century. They were actually 
formed by modifying natural polymers. Up to the 1920s, chemists thought that 
polymers were simply aggregates of smaller molecules held together by 
intermolecular forces. In work beginning in 1926, the Nobel laureate, Hermann 
Staudinger, demonstrated that natural and synthetic polymers were in fact composed 
of many small, repeating units of atoms held together by covalent bonds 51, 52. 
Research into polymers and polymerization really accelerated in the 1930s after the 
discovery of poly ethylene by ICI (Imperial Chemical Industries). 
2.2 Radical polymerisation 
Free radical polymerization is the most common type of addition polymerization, 
where monomers are added one by one to an active site on the growing chain. This 
process is often used to make polyolefins which can be carried out in both 
homogeneous (bulk or solution polymerisations) and heterogeneous conditions 
(emulsion, suspension and dispersion polymerisations) and this concept and practice 
dates back to 1930s 45,47. 
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Free radical polymerizations are initiated by radicals and propagated by 
macroradicals. These radicals are atomic or molecular species with unpaired electrons 
which make them highly reactive. They are often created by the division of a 
molecule (known as an initiator) into two fragments along a single bond. In the 
polymerization of a vinyl mono mer, the radical attacks the unsaturated bond of the 
monomer and the electron migrates to another part of the molecule. This newly 
formed radical attacks another mono mer and the process is repeated. 
Reactions involving free radicals are usually divided into three categories: initiation, 
propagation, and termination. 
2.2.1 Initiation 
Initiation in a free-radical polymerization consists of two steps: dissociation of the 
initiator to form radical species and addition of a single monomer molecule to the 
initiating radical. 
There are three general processes for supplying the energy necessary to generate 
radicals from initiators: thermal processes, microwave or ultraviolet (UV) radiation 
processes, and electron transfer (redox) processes 47, 48, 53. An effective initiator is a 
molecule which easily undergoes homolytic fission into radicals of greater reactivity 
than the mono mer radical when subjected to heat, electromagnetic radiation or 
chemical reaction. These radicals should be stable long enough to react with a 
monomer and create an active centre. Typical common free radical initiators that 
undergoes thermal decomposition are peroxides such as benzoyl peroxide (BPO) and 
azonitriles such as a,a'-azo-bis-isobutyronitrile (AIBN) which generate useful 
concentrations of radicals at convenient reaction temperatures of 60-1 OO°C. Azonitrile 
initiators are useful for kinetics studies since the decomposition kinetics are normally 
first order and the rate is unaffected by the solvent environment 42,45, 54. 
AIBN decomposes to form two radical species with the loss of nitrogen. The 
decomposition of BPO forms two benzoyloxy radical species. Further decomposition 
can occur leading to two phenyl radicals and the loss of C02 55. 
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Figure 3 Initiator decomposition. 
Once formed, radicals attack the monomer to form the monomer radical, known as the 
chain carrier. This is the slowest part of the polymerisation reaction and so is the rate-
determining step. Then, the chain carrier undergoes two basic types of reaction: 
propagation reactions and termination reactions. 
2.2.2 Propagation 
After the initiation reactions, additional monomer units are added to the initiated 
monomer species, retaining the active centre. Generally, the propagation is linear and 
the average lifetime is short. Propagation will continue until some termination process 
occurs. 
2.2.3 Termination 
In a termination reaction, two radicals interact in a mutually destructive reaction in 
which both radicals form covalent bonds and the reaction ceases. The two most 
common termination reactions are combination and disproportionation 
Combination occurs when two chain ends couple together to form one long chain. 
Another method of termination is disproportionation where two radicals meet, but 
15 
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instead of coupling, they exchange a proton, which gives two tenninated chains, one 
saturated and the other with a tenninal double bond. Which process is active in a 
system depends on the monomer and the reaction conditions 56. Experimental 
evidence 47, 48 showed that both mechanisms operate at low temperature for styrene 
(St) and methyl methacrylate (MMA) tennination. However, at higher temperatures, 
the tennination reaction that dominates is the combination for polystyrene and 
disproportionation for MMA 47,48. 
+ 
r r 
H3C C C CH3 
I I 
COO Me COO Me 
.. H2C=i"' F-CH' 
COOMe COOMe 
Figure 4 Combination and disproportionation in styrene and methyl methacrylate 
polymerisations, respectively. 
The distinction between the two mechanisms can be detennined by measuring the 
number of initiator fragments per chain using a radioactive initiator 45, 48. One 
fragment shows that disproportionation is the dominant tennination reaction while 
two fragments indicate recombination. 
2.2.4 Steady state kinetics 
The three basic steps in the free radical polymerisation can be expressed by the 
following equation with their respective rate constants neglecting the side reactions 
(chain transfer and inhibition). 
Initiation 
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As mentioned before, initiation occurs in two steps: decomposition of initiator I to 
produce initiator radicals R' , followed by addition of R' to monomer, M to give a new 
radical M' . 
Equation 1 
Equation 2 
Rate constants for the two reactions are kI and ki 
Assuming the rate of initiator decomposition is very slow compared to that of the 
addition of initiator radical to mono mer and taking into account that two initiator 
species are formed with each decomposition, the expression for the initiation rate Ri 
IS: 
R. = - d[M·] = 2k [1] 
I dt d Equation 3 
[M'] is the total concentration of chain radicals and [I] is the molar concentration of 
initiator. 
However, not all the primary radicals produced by the decomposition of the initiator 
will necessarily react with the monomer, which means several other competing 
reactions may occur 46. Therefore, in order to determine the rate of initiation, the 
fraction of initially formed radicals that actually grow chains will be denoted by f and 
the rate of initiation equation becomes: 
R. = - d[M-] = 2jk [1] 
I dt d 
With 
number of radicals that initiate a polymer chain 
f = number of radicals formed from initiation 
Propagation 
17 
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The propagation of the reaction will proceed through the successive addition of the 
mono mer to the growing radical. The reaction schemes gives: 
M e + M kp ~ Me X x+1 Equation 6 
The assumption that the reactivity of the addition of each mono mer is independent of 
the chain length was postulated by Flory 48, 57. This means that the rate constant is 
independent of chain length. The rate of propagation Rp is thus given by: 
R = - d[M] = k [MO][M] 
P dt P 
Equation 7 
Termination 
The termination of these growing chains occurs in two ways which can be presented 
as follows: 
Combination 
Equation 8 
Disproportionation 
Me+Me k'd ~M +M 
X Y X Y Equation 9 
The rate constant of termination by combination and disproportionation are denoted, 
respectively, by ktc and ktd. The rate oftermination Rt is defined as: 
R = - d[MO] = 2k [MO]2 
I dt I 
Equation 10 
Where k t = k tc + ktd. 
The assumption of the steady state concentration of the M' radical implies that Rj=Rh 
or in other words the formation and destruction of radicals occur at the same rate. 
Thus, the following equation is obtained. 
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2JkAI] = 2k,[MO]2 Equation 11 
The equation then gives an expression for the radical species. 
( )
1/2 
[MO] = jk~~I] Equation 12 
By substitution of [MO] in the rate expression of propagation, the following expression 
is obtained. 
Equation 13 
As propagation involves large numbers of monomer molecules per chain, whereas 
initiation consumes only one, the rate of polymerisation is equivalent to the rate of 
propagation. 
From this equation, it can be deduced that the rate of polymerisation is directly 
proportional to the monomer concentration and to the square root of the initiator 
concentration. 
The pseudo first order kinetics of propagation in a polymerisation can be tested by 
integrating Equation 13 to provide Equation 14. Providing initiation is rapid, a plot of 
In[M]o/[M]t against time should be linear. 
Equation 14 
The classical kinetic analysis outlined in this section is a simplified model based on 
the following assumptions 45,54. 
~ Steady state conditions 
~ Radical reactivity is independent of chain length 
~ No chain transfer occurs 
19 
Chapter 2: Background and theory 
~ No gel effect 
2.2.5 Kinetic chain length 
Another important parameter related to polymerisation is the average kinetic chain 
length v which is defined as the average number of mono mer units polymerised per 
chain initiated and is given by the ratio of the rate of propagation to the rate of 
initiation 46,48,56. Under steady state conditions Rj=Rtand v can be expressed by: 
Equation 15 
Substituting for Rp and Rt from the above expressions: 
kp [M] 
v=-'-----
2k
t 
[MOf 
Equation 16 
Substituting the expression for [MO] derived previously, 
Equation 17 
Kinetic chain length is seen to be related to a variety of rate and concentration 
parameters. 
In the absence of any side reactions, kinetic chain length is related directly to degree 
of polymerisation (DP) according to the mode of termination. For termination by 
combination, DP = 2v and for disproportionation DP = v. DP represents the number of 
monomer units, or residues, in the chain, which is given by 
Equation 18 
Mo is the molar mass of the monomer or residue and M is the average molar mass. 
2.2.6 Chain transfer 
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Another important parameter to consider ill free radical polymerisation is chain 
transfer. Usually, DP will be between the expected limits ofv and 2v, but not always. 
This phenomenon occurs when the propagating radical reacts with a compound within 
the system such as initiator, monomer, solvent, polymer or additive so that the radical 
is transferred and the macromolecule is effectively terminated prematurely 45, 48. 
Obviously, chain transfer reactions have significant effects on molar mass and result 
in lower DP values. 
The degree of polymerisation can be re-written in terms of the rate of growth dived by 
all reactions that lead to dead polymer. 
DP 
Rp Equation 19 
foAl] + k,r,M[M][M'] + k,r,S[S][M'] + k.AI][M'] + ktr,xrxHM'] 
The terms in the denominator represent termination by combination and transfer to 
monomer M, solvent S, initiator I and modifier X, respectively. If termination is via 
disproportionation, then the first term of the denominator becomes 2fkI[I]. 
Rp= overall rate of polymerisation 
A substance that is deliberately added to the reaction mixture to cause a chain transfer 
in a chain polymerization is named a chain transfer agent (CTA). 
The dimensionless transfer constant C describes the magnitude of the chain transfer 
reaction which is the ratio of the rate of the transfer reaction to the rate of 
propagation. Chain transfer constants to monomer, solvent, initiator and CTA are 
expressed, respectively, as follows. 
k C=~ 
S k 
p 
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C - k1r,CTA CTA - kp 
Equation 22 
Equation 23 
Then by assuming termination is by combination, the actual effect of chain transfer on 
DP is defined by the following equation, known as the Mayo equation 45,48,53. 
k R k R2 
_1_ = _I _P_ + CM + CS [S] + Cl 1 _P_ + CTA [CTA] 
DP k~ [M]2 [M] k~fkd [M]3 [M] 
Equation 24 
2.2.7 Molecular weight definition 
Because polymers are mixtures of many large molecules, one must resort to averages 
to describe molecular weight. Among many possible ways of reporting averages, two 
are commonly used: the number average and weight average molecular weights. The 
following figure shows a typical polymer distribution including the weight and 
number average molecular weights. 
Number average M~ 
~ 1 \l\eight average MA' 
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Molar Mass 
Figure 5 Distribution of molar masses in a typical synthetic polymer 45,48,56. 
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The number average is the sum of individual molecular weights divided by the 
number of polymer molecules. 
"N.M. M =L..J I I 
n IN; Equation 25 
Ni is the number of species i with mass Mi. 
The weight average is proportional to the square of the molecular weight. Therefore, 
the weight average is larger than the number average. 
" N.M~ M =L..J I I 
IV "N.M. L..J I I 
Equation 26 
The weight average is probably the more useful of the two, because it fairly accounts 
for the contributions of different sized chains to the overall behaviour of the polymer, 
and correlates best with most of the physical properties of interest. 
The ratio of Mw to Mn is known as the po/ydispersity index (PDI), and provides a 
rough indication of the breadth of the distribution. The PDI approaches 1.0 (the lower 
limit) for special polymers with very narrow MW distributions, but, for commercial 
polymers, is typically greater than 2 (occasionally much greater) 45,46. Most polymers 
prepared by free radical polymerisation have a PDI around 2.0, while ionic living 
polymerisation delivers polymer with PDI<1.2 45,56. 
2.2.8 High conversion polymerisation and the gel effect 
The gel effect is a phenomenon that often takes place during a free radical 
polymerization at intermediate or high degrees of conversion. This effect is more 
dramatic when polymerisations are carried out in bulk or in concentrated solution. It 
consists of the auto-acceleration of the rate of the polymerization and it is due to 
diffusion limitations that slow down the termination reaction leaving the propagation 
and the initiation reactions unaffected. Indeed, when the viscosity of the reaction 
medium increases, chain mobility is reduced and chain end radicals have a lower 
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probability of being brought to tennination. However, the smaller mono mer 
molecules can still diffuse to the polymer radical even as the termination rate 
decreases which results in a marked increase in polymerisation rate Rp. The 
significant increase of the overall radical concentration not only increases the 
propagation steps, but also speeds up the rate of decomposition of initiator due to the 
release of more heat resulting in auto-acceleration. This phenomenon is highly 
undesired in industrial applications because it causes a fast and dramatic increase of 
the temperature of the reacting medium, often leading to scale-up problems, 
instabilities, hot spots and erratic behaviour. 
A schematic diagram of the rate of a typical bulk and concentrated solution 
polymerisation is presented as a function of percentage conversion in Figure 6. 
Gel effect 
Seady state! 
! 
.. 
.. 
.. 
.. 
.. 
.. 
Rp 
% Conversion 
Figure 6 Schematic representation of polymerisation rate versus conversion for bulk 
and concentrated polymerisation. (- gel effect, - - - absence of gel effect) 45. 
The polymerisation rate rises initially to a steady state condition as the conversion 
becomes constant. At higher conversions, the gel effect begins to control the rate 
leading to auto-acceleration. Providing the polymerisation temperature is below the 
glass transition of the polymer (Tg), then the mixture is glassy and the rate falls since 
the mono mer can no longer diffuse to the active centres. 
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2.3 Introduction to free radical grafting of monomers onto polymers 
Grafted polar monomers into a polymer appeared for the first time in 1938 by Bacon 
et al 58. Their main objective was to modify natural rubber latex with methyl 
methacrylate to enhance its oil resistance. Since then, there has been considerable 
interest within the polymer industry in developing methods to modify existing 
polymer systems to achieve improvements in their functional or engineering 
properties. The chemical modification method widely used is free radical grafting, 
which is the oldest and most inexpensive one 8. 
The reactive extrusion process involves extruding polymer in the presence of 
functional peroxides to incorporate functional groups onto the backbone of polymers 
6, 8. This technique has been used widely to promote adhesion between non-polar 
polymers and polar substrates, or polymers. 
2.3.1 An overall scheme 
Free radical grafting involves three types of reactants: polymer, unsaturated monomer, 
such maleic anhydride, and a free radical initiator. These free radicals are the starting 
point of the grafting process. 
The primary radicals (1') generated by some process of decomposition abstract a 
hydrogen atom from the polymer chains (PH) producing polymeric macroradicals 
(P) The macroradicals (P') are highly reactive species which react with the monomer 
molecule (M') forming (PM') macroradicals. Finally, an H transfer occurs which 
forms the desired product 8. A typical free radical grafting scheme is represented in 
Figure 7. 
Peroxide decomposition I-I ~ 21" 
Initiation I"+PH ~ p. + I-H 
Propagation P·+M ~ PM" 
Chain transfer PH + PM" ~ P"+PMH 
Figure 7 A typical free radical grafting onto a polymer backbone. In these equations, 
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I is the initiator, r is the radical intermediate; M is a vinyl monomer; P is a polymer. 
p. and PM· are macromolecular radicals; PMH is the grafted product. 
The scheme described above does not take in consideration the side reactions, which 
are chain scission, crosslinking and homopolymerization of the vinyl monomer. These 
latter form unwanted products 8,10,59. 
The crosslinking reaction is caused by free radicals formed by the decomposition of 
initiator which abstracts hydrogen atom from the polymers to form intermolecular C-
C bonds, thereby bonding the polymer chains together. 
Chain scission is a chemical reaction that results in breaking of main-chain bonds of a 
polymer molecule 60. Main-chain scissions are classified according to the mechanism 
of the scission process: hydrolytic, mechanochemical, thermal, photochemical, or 
oxidative scission. Others are classified according to their location in the backbone 
relative to a specific structural feature: a-scission (a scission of the C-C bond alpha to 
the carbon atom of a photo-excited carbonyl group), p-scission (a scission of the C-C 
bond beta to the carbon atom bearing a radical). Side reactions are illustrated in figure 
8 below 8,10,59. 
r- I-H 
~ 
____ •• P- 5 • Yz (P_P) 
31 M~ y, (P'· +P'-H) 
P-H 
P-M-H ....... 1-_4~_ P-M-
Figure 8 An overall and simplified mechanism of free radical grafting of a mono mer 
onto a polymer. 1, initiator decomposition; 2, H-abstraction; 3, monomer addition; 
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4,H-transfer to polyolefin; 5, combination; 6, disproportion and 7, chain scission 8, 10, 
59 
In these equations, I is the initiator, PH is a polymer, r is the radical intermediate. p' 
and PM' are macromolecular radicals. P-P is the final product obtained by 
combination, P'= and P" are the polymer products obtained by disproportionation. P"= 
and P'" are the products obtained by chain scission. 
2.3.2 Type of initiator 
Thermal initiation is the most common process for starting a free radical 
polymerization. Peroxides (such benzoyl peroxide BPO) and azo compounds (such 
azo-bis-isobutyronitrile AIBN) are the two most common initiators used in 
polymerisation reactions 8,54. These latter contain a weak bond that decomposes on 
heating to form a pair of reactive free radicals. Selection of an initiator is crucial for 
good control of the reaction and final properties of the polymer (grafting level). The 
best initiator to be used in a free radical grafting reaction will be the one whose free 
radical species generated by heating will abstract a hydrogen from the polymer 
backbone to form a macroradical. Therefore, azo initiators are not suitable in the 
grafting process due to their low hydrogen abstracting capacity and the main source 
used is organic peroxides 8. 
Organic peroxides contain the -0-0- bond within the molecular structure. There are 
various types of organic peroxides and they can be placed in seven categories 
according to their chemical structure 8,61,62: 
The selection of a suitable organic peroxide to initiate polymerization is based on the 
following parameters 8,61. 
)p> Kinetic decomposition characteristics, which are related to the half-life time. 
)p> Hydrogen-abstracting capacity of the decomposition products. 
)p> Basic properties (physical form, solubility, flash point. .. ). 
)p> Safety and handling. 
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Table 1 General structure of different classes of organic peroxides. 
Organic peroxides Examples Chemical structure 
RI 0 C 0 0 R2 
Monoperoxycarbonates Poly( tert -buty 1 peroxycarbonate) 11 
0 
1, I-Bis- (t-butylperoxy)- 3,3,5- R1 O-O-R3 
Peroxyketals 
R><O-O-R3 trimethy lcyc 10 hexane 
Hydroperoxides t-Butyl hydroperoxide R1-0-0-H 
Dialkyl peroxides Dicumyl peroxide R1-0-0-R2 
R1-C O-O-C-R2 
Diacyl peroxides Acetyl peroxide 11 11 
0 0 
RI 0 C 0 o c 0 R2 
Peroxydicarbonates Di-isopropyl peroxydicarbonate 11 11 
0 0 
R1-C-O-O-R2 
Peroxyesters t-Butyl peroxyacetat 11 
0 
RI, R2, R3 can be hydrogen ester, aryl, alkyl or acyl groups and R3 can be aryl, alkyl, 
ester. 
The half-life of an initiator at any specified temperature, tl/2, is the time required for 
half of the initial amount to decompose to radicals at that temperature. The thermal 
decomposition of peroxide follows a first order kinetic law. 
-dC 
--=kt 
C Equation 27 
C = concentration of peroxide. 
k = kinetic constant. 
t = time. 
The solution of this equation with the limit conditions C = Co at t = 0 (initial 
concentration) is 
C = Co.e-kt Equation 28 
At half-life time, C = CJ2. Therefore, 
In2 
tll2 =-k 
Equation 29 
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To find the optimum peroxide, it is necessary to select a peroxide of half-life value 
which is the most suitable for the conditions of the grafting reaction. This factor is not 
only a convenient index, it is one of the most important factors for selecting a 
peroxide. 
The thermal decomposition of a peroxide is usually studied in various polar solvents 
at low concentration 8. Bear in mind that those solvents may influence the half-life 
values. Thus, comparison of peroxides can be made if their half-life data are 
generated in the same solvent (preferably an inert solvent such benzene), at the same 
concentration, and preferably if the initiators come from the same class. 
Usually, the thermal stability of an initiator is correlated with temperature and it is 
expressed in terms of lmin, Ihour and 10 hour half-life temperatures which means the 
temperatures at which 50% of initiator has decomposed in Imin, Ihour and lOhours, 
respectively 8. 
In the case of melt free radical grafting, the most common peroxides used belong to 
the dialkyl peroxide class since their half life values are relatively long at the melt 
grafting temperature. Half-lives and activation energies of dialkyl peroxides are listed 
below in the table 2 7,8. 
Table 2 Examples of half-lives and activation eneriies of dialkyl peroxides (data 
generated at O.lM in benzene or * O.2M in benzene) 7, • 
AE Temperature (OC) 
Abbreviation Name 
( kJ/mol) 10 h Ih 
DCP Dicumyl peroxide 152 116 115* 136 
BCP t-Butyl a-cumyl peroxide 154 118 120* 138 
DTBPH 2,5-Dimethyl-2,5-di(t-butylperoxy) hexane 142 120 119* 142 
DTBP Di-t-butyl peroxide 152 125 128* 146 
DTBHY 2,5-Di(t-butylperoxy)-2,5-dimethyl-3-hexyne 154 128 128* 149 
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The next important factor to take in consideration in selecting a peroxide is its 
hydrogen abstracting capacity, which depends on the nature of the primary radicals 
and on the type of carbon-hydrogen bonds. The lower the hydrogen bond dissociation 
energy the easier is hydrogen abstraction, which means a lower reactivity of the 
peroxide is requested and a higher stability of the radical formed is obtained. Table 3 
below shows the dissociation energies of various hydrogenated compounds 8. 
Table 3 Dissociation energies of various hydrogenated compounds 8. 
Compounds 
Dissociation Energy 
Type of initiators 
(kJ/mol) 
R1"-. 
R2--C-H 404 
R( Low energy radicals: 
R1~ - high selectivity 
CH-H 413 
- good diffusion R~ 
R1-CH2-H 411 
H3C- H 439 
RO-H 439 
0 
11 444 High energy radicals: R-C-O-H 
-
poor selectivity 
( ) H 
- good H abstractors 469 
- good diffusion 
HO-H 498 
ROO-H 377 
From Table 3, it can be seen that abstracting a hydrogen atom from a tertiary alkane, 
R3C-H, is easier than from a secondary alkane, R2CH-H, or from a primary alkane, 
RCH-H. 
30 
Chapter 2: Background and theory 
2.3.3 Grafting maleic anhydride onto polyolefins 
Effort to modify polyolefins such polypropylene (PP), polyethylene (PE), ethylene -
propylene copolymers (EPR) by free radical grafting of maleic anhydride have been 
in progress since the 1960s 6, 63-67. The grafting process can be carried out in solution 
or in the melt. 
The solvent chemical route was historically the most common process used for 
chemical reaction on polymers. The main advantage of using a diluted system is to 
avoid the problem of high viscosity. However, its main drawback is the solvent itself 
(chain transfer), which has to be removed at the end of the process 6,8. 
Reactive extrusion offers a possibility to carry out the polymerisation reaction without 
using a solvent. There is an increasing number of publications reporting the use of 
extruders for the grafting reaction 68. Extruders have been used in academic studies 
and on a commercial scale for over 30 years and is currently the most widespread 
method 21,28,68. Melt reactors are not only extruders but also batch internal mixers. 
The polyolefin used in this study was an ethylene-propylene copolymer. Therefore, 
interests have been given to melt-free grafting of MA onto hydrocarbon polymer 
backbones such as PP, PE and EPR. 
2.3.3.1 Reactors 
Reactors mainly used for melt free radical grafting are batch internals mixers and 
screw extruders because of their ability to handle and mix highly viscous polymers. 
Batch internal mixers are like a small-scale extruder. 
Batch mixing is generally carried out using two specially designed blades inside a 
temperature controlled chamber. It is most commonly used for compounding and 
mixing of rubber formulations. Laboratory-scale size batch internal mixers are 
extensively used for characterization of materials 6,69. 
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Figure 9 The chamber of a batch internal mixer. 
The compounding process can be can-ied out inside the continuous mixer, which can 
be either the continuous twin-screw or single-screw type 6, 69 . The output capacity of 
the machine is directly related to its screw diameter. To ensure optimum 
compounding efficiency, a further important parameter to be taken into consideration 
is the LID (length/diameter) ratio. If a single- screw mixer is used, the ratio is usually 
30/ 1. For twin-screw machines, the minimum LID ratio is 2111. The geometry of the 
screw is designed to guarantee the homogeneity of the fina l blend through effective 
softening and dispersion of all the ingredients. 
Depending on the type of extruder used and taking into account the composition of 
the compound to be prepared, process ing temperatures should be set between 180-
230°e. As a general rule, mixtures with a high polypropylene content should be 
processed at temperatures at the higher end of this range. 
Single screw extrusion is one of the core operations in polymer processing and is also 
a key component in many other processing operations. The foremost goal of a single 
screw extrusion process is to build pressure in a polymer melt so that it can be 
extruded through a die or injected into a mould. Most machines are plasticating: they 
bring in solids in pellet or powder form and melt them as well as building pressure 6, 
69 
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Solids 
Convevin 
Figure 10 Single screw extruder profile. 
Melting Melt Pwnping 
Twin-screw extrusion is used extensively for mixmg, compounding or reacting 
polymeric materials. The flexibility of twin-screw extrusion equipment allows this 
operation to be designed specifically for the formulation being processed. For 
example, the two screws may be co-rotating or counter-rotating, intermeshing or non-
intermeshing 5, 6. In addition, the configurations of the screws themselves may be 
varied using forward conveying elements, reverse conveying elements, kneading 
blocks, and other designs in order to achieve particular mixing characteristics. 
Solids 
Conve in 
Figure 11 Twin-screw extruder profile. 
Melting Melt Pumping 
The main important features for melt free radical grafting are the absence of solvent, 
elevated temperature, continuous operation, short residence time and high viscosity 6, 
8, 13,21,70. The main challenge is to obtain the desired amount of maleic anhydride 
grafted onto the polyolefins without product detriment. 
2.3.3.2 Materials 
a-Monomer 
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Maleic anhydride is one of the most widely used vinyl monomers for the graft 
modification of polyolefins. This is mainly due to its double chemical reactivity: free 
radical reactivity (unsaturation of the double bond C=C) and functional reactivity 
(anhydride group) 8,11,30,37. 
b- Polyolefins 
Polyolefins are sensitive to radical attack. This fact is used to develop new polymeric 
olefin-based materials. This is the case with modify existing polymers such as PE, PP, 
EPR with MA. In polyolefins, there are different types of hydrogen atoms which are 
susceptible to free radical attack. In PE, methylene carbons are the most prevalent 
whereas in PP each repeat unit can provide three possible grafting sites: methyl, 
methylene and methine which correspond, respectively, to primary, secondary and 
tertiary hydrogen atoms (see Table 4). The most reactive species where the grafting 
occurs is the tertiary radicals following by the secondary radicals then the primary 
roradicals. Therefore, the free radical reactivity of PP is greater than PE. However, it 
has been found that the level of grafting is low for PP and increases by increasing 
ethylene content in the polyolefin 8, 10,31,37. 
Table 4 Polyolefin structures and types of their hydrogen atoms. 
Polypropylene Polyethylene 
Ethylene propylene 
copolymer 
~/CH~ CH] HJC 
~ CJ ~ ~/CH2 ~ 
CH3 CH3 CH3 
~ [jtJ 
vwwAc<f~ 
LJ Ethylene unit Ethylene Propylene 
Propylene unit 
Propylene unit: Ethylene unit: 
1 tertiary H 4 secondary Hs 
2 secondary Hs 
3 primary Hs 
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c- Initiators 
Organic peroxides commonly used are dialkyl peroxides with I hour half-life 
temperatures ranging from 135°C to 155°C. The reason to work with such peroxides 
is their thermal stability at normal melt free grafting temperatures ranging from 150°C 
to 300°C (see Table 2). 
2.3.3.3 Side reactions accompanying grafting 
During the melt grafting reaction of maleic anhydride onto a polyolefin, crosslinking 
and/or degradation may occur. The latter depends on the nature of the polyolefin. It 
has been found that crosslinking mainly appears for polyolefins with a high level of 
ethylene units, whereas degradation is dominant for polyolefins with high propylene 
content 7-19. When ethylene-propylene copolymers are used both phenomena occur 7-
19 
Crosslinking is formed by radical - radical combination and is characterized by the 
formation of partially insoluble products called gel 7,9,13,27 (see Figure 12). 
H 
WWNN~VVVVVWVV 
I" 
Figure 12 Crosslinking scheme. 
.. 
-H" 
vvvvvvvv~vvwvvw 
t combination 
crosslinked polymer 
Degradation is caused by ~-scission ofthe initially formed radical (see Figure 13). 
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~ B-seission 
Figure 13 ~-scission mechanism. 
Previous studies 7,8,12,15,17, 18,35,71-74 showed that degradation and crosslinking may 
be minimized by adding co-agents during the melt grafting reaction. 
Furthermore, other sides reactions 13, 28, 75, 76 may occur after the monomer addition. 
Generally single and saturated succinic placements are implicated, but unsaturated, 
oligomeric or polymeric grafts have also been proposed (see Figure 14 below). 
o~o ~~o 
~ ~ eel. 
vw vww vww 
CH3 p\ 
r..-scission + P* 
vww 
VWW 
CH3 CH3 
Figure 14 Side reactions occurring after the mono mer addition 13,28,75,76. 
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2.3.3.4 Graft structures of MA modified polyolefins 
The level of grafting depends on the polyolefins used. It is well known that 
polyethylene is one of the polyolefins which offers the possibility to get a high 
percentage of maleic anhydride grafted. Some authors 7, 25 have worked on the effect 
of polyolefin structure on maleic anhydride grafting and they found that the MA 
content decreases by increasing the propylene unit content in the polyolefins. 
Moreover, different graft structures have been identified according to the polyolefin 
type 7,7,21,25,28,33,75,77,78. 
a- Polypropylene 
As stated above, pp can provide three possible grafting sites: methyl, methylene and 
methine. Grafting occurs on secondary or tertiary carbons depending on the 
polyolefin's composition. Different graft structures have been identified by NMR and 
FTIR spectroscopies 7,21,25,28,33,75. It has been found that grafting occurs mainly on 
the methine site of the pp backbone units 7,21,25,28,33,75. 
The macro molecular radical obtained by abstracting a tertiary hydrogen atom from 
the pp backbone is the first step of a grafting reaction. Different possibilities exist for 
the second step (see Figure 15). The radical polyolefin (1) can either be added to MA 
(2) or degraded by p-scission (3) depending on the MA concentration and the 
temperature of the reaction. 
The intermediate (2) is subjected to further reactions. 
Hydrogen transfer (4); 
Homopolymerization (5); 
Recombination with a radical species R" (initiator derived radicals, pp 
radicals and oxygen) (6); 
Electron transfer (7). 
p-scission is a fast intramolecular reaction in the presence of an organic peroxide. 
According to the literature 28,79, the degraded radical polymer (3) can be added to MA 
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to form the intermediate (8) which can be subjected to hydrogen transfer (9) or 
homopolymerization (10). In this case, the grafted product appears at the chain end 
structure. Moreover, FTIR analysis has been undertaken by De Roover et al. 41 on 
some commercial MA grafted onto PP. They have reported the presence of a 
significant amount of free MA and end chain structures of polyanhydride grafted onto 
PP. 
This later proposal has been challenged by Heinen et al. 75,78. They proved by a NMR 
spectroscopy study that the homopolymerization of MA can not occur under the melt 
grafting process conditions. They also mentioned that the grafted product is in the 
form of single succinic anhydride attached to the chain end of PP, which has been 
explained by the fact that the corresponding succinyl radical is unstable and 
undergoes ~-scission leading to succinic anhydride (SA) attached to the PP chain end. 
Consequently, there is a difference of opinion on the structure of the grafted product. 
However, these two studies differ according to the method used to analyse the 
products and the grafted material. Different conditions have been employed. 
Therefore, further work is required to resolve this issue. 
Later on, Shi et al. 33 studied the grafting mechanism of PP with MA prepared in the 
melt using ESI-MS, ope and chemical titration. Structures were proposed and they 
have pointed out that homopolymerization of MA can not take place under the 
reactive extrusion conditions and the grafted products can either give chain end 
structures or not. NMR studies undertaken by Rengarajan et al. 80 reported that 
crosslinking may occur. 
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Figure 15 Melt grafting reactions of MA into pp 7,21, 2S, 33, 75. 
b- Polyethylene and ethylene-propylene copolymers 
Polyethylenes are classified according to their density, which depends on the extent 
and type of branching present in the material 7, SI. 
o HDPE (high density PE) 
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o MDPE (medium density PE) 
o LDPE (low density PE) 
o LLDPE (linear low density PE) 
LDPE has many more branches than HDPE. Therefore, the degree of crystallity is 
lower. This results in a lower density and tensile strength 43. LDPE is synthesized by 
free radical polymerization. 
HDPE has virtually no branching and thus has stronger intermolecular forces and 
tensile strength. The lack of branching is ensured by an appropriate choice of catalyst 
(e.g. Ziegler catalysts) and reaction conditions 43. 
LLDPE is a substantially linear polymer, with significant numbers of short branches, 
commonly made by copolymerization of ethylene with longer-chain olefins 43. 
EPRs are copolymers of ethylene and propylene produced by coordination 
polymerisation 43. 
vw~vwwv .~ ~_. vww. ~ vww 
% 
HDPE LLDPE EPR 
Figure 16 Polyolefin structures. 
The PE mainly used in melt free grafting is HDPE and LLDPE. It is well known that 
grafting MA onto PE is accompanied by side reactions 9-11, 14, 17, 18,21,27,36,59,74 such as 
crosslinking which form insoluble products. 
Depending on the structure of PE, MA may be attached either at methylene sites or at 
methine sites. Heinen et al. 75 studied the grafted structure of MA onto PE by NMR 
spectroscopy. They suggested that in LLDPE and 2: 1 EPR (ratio 2 to 1 ethylene to 
propylene units): 
MA is mainly attached at methine sites and grafted products are in the form of 
single succinic anhydride structures; 
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attachment of MA at methylene sites can be observed. In this case, the grafted 
product in the form of oligo(MA) can be observed. They indicated that the 
chain length of oligo(MA) is small ranging between one and two units. 
They found that no MA was attached to methylene sites in 1: 1 (alternating) or 1:3 
high propylene unit) EPR. Therefore, they suggested that attachment of MA at 
methylene sites is only observed for EPR having a sequence of more than three 
methylenes 7,75,77,78. 
It was also reported that in HDPE, MA is mainly attached in methylene sites in the 
form of single SA and short oligomers 75. 
2.3.3.5 Effect of various parameters on the grafted product 
In this part of this thesis, the effect of various parameters on the level of grafting such 
as the polyolefins used, the nature and concentration of peroxides, temperature, 
mechanical mixing, residence time, reactor types and finally the presence of co-agents 
are described. 
a- Polyolefins 
Grafting maleic anhydride onto different polymers has been studied by Machado et al. 
10,21,25,26. Polyolefins with different ethylene-propylene ratio were used. It has been 
found that the MA graft content depends on the polyolefin compositions i.e. 
ethylene/propylene ratio. Better grafting is obtained when the polyolefin used 
contains a high ethylene content (see Figure 17). It might be due to the fact that pp 
radical species are more stable than PE radical species, and therefore PP radical 
species are less reactive to the PE radical. The level of grafting decreases by 
increasing the propylene content in the polyolefin. Above 50wt%t of ethylene units, 
the MA grafting reached a plateau. It has been reported that the dependence of the 
MA graft level on the polyolefins composition is due to competition between grafting 
and side reactions (degradation and crosslinking) 21. 
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The grafting reaction involves the use of an initiator such a peroxide. Therefore, 
degradation and branching may occur. Crosslinking is mainly observed for 
polyolefins with a high ethylene content, whereas chain scission occurs for 
polyolefins with low ethylene contents 9-11, 14, 17, 18,21,27,36,59,74. Both phenomena are 
observed for ethylene-propylene rubber 10,14,15,17. Those side reactions not only affect 
the level of MA grafted, but also the state of the grafted material in terms of viscosity 
i.e. molecular weight. It has been found that the viscosity of modified materials is 
high for polyolefins with a low propylene content (less than 20wt%), which indicates 
that these materials are crosslinked 9, 10,27. It decreases significantly by increasing the 
propylene unit 10. The lowest viscosity was obtained for pp which is due to some 
degradation of the pp 10. 
In addition, it has been proposed by Rosales et al. 82 that high viscosity materials yield 
lower degree of functionalization which has been confirmed by Machado et al. 21. 
They studied the grafted materials of two HDPEs having only a difference in the 
molecular weight, and the same reaction conditions were applied. They found that a 
higher amount of grafted MA was obtained with the polyolefin having a low 
molecular weight. 
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Figure 17 Maleic anhydride graft level expressed as FT -IR extinction of anhydride 
band at 1785 cm-I normalised to film thickness (Elf) as a function of propene content 
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GUldogan et al. 34 investigated the grafting of powder and granular pp with MA. 
They have found that the fonn of the polyolefins can affect the grafting yield. Indeed, 
they found that the grafting yield was higher with the pp powder than with the 
granular PP. 
b- Initiators 
Type and initial concentration of the initiator affects greatly the grafting level of MA 
onto polyolefins and the state of grafting materials 12,13,20,21,27.31. In melt grafting, the 
most commonly used initiators are dialkyl peroxides. Table 5 below illustrates some 
of the peroxides used in the literature. 
Table 5 Initiators reported in the literature 
Initiators Trade name - Abbreviation 
2,5-Dimethyl-2,5-di(tert-butylperoxy)hexane Trigonox 101, Lupersol101, Trigonox 
101XL-DBHA 
2,5-Dimethyl-2,5-di(t-butylperoxy) hexane DTBPH 
2,5-Di(t-butylperoxy)-2,5-dimethyl-3-hexyne Lupersol 130 - DTBHY 
BenzoyJ j)eroxide BPO 
Lauryl peroxide LPO 
Di -sec-buty lperoxy dicarbonate DsBPDC 
Dicumyl peroxide Luperox 500R - DCP 
2,5-Dimethyl-2,5-di(tert-butylperoxy)hexyne-3 Trigonox 145-45B, Luperox 130 
1,3-Bis(l-tert-butyldioxy-l-methyl)benzene Perkadox 14/40 
t-Butyl cumyl peroxide BCUP 50C - TBCP 
Di-t-amyl peroxide DtAP 
1,I-Di-(t-butylperoxy)-3,3,5-trimethylcyclohexane Lupersol 231 
Di-tert-butyl peroxide Trigonox B - DTBP 
2,5-Bis(tert-butylperoxy)-butane Trigonox D - BBP 
Comparison of suitable peroxides have been studied by a number of authors 20,21,27,30, 
31 
~ Effect of initiator concentration 
Free radicals are necessary for initiating a melt free grafting process. Nevertheless, 
Gaylord et al. 83 claimed that grafting MA onto polyolefins can be achieved by not 
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using initiator. Grafting is, therefore, obtained thermally. The main advantages of not 
using initiator 6,32 are: 
the non-use of peroxide limits work exposure (toxicity, material handling); 
difficulties in achieving adequate dispersion of initiator into molten polymers 
would be non-existent. 
However, the grafting level of materials obtained thermally is very low 14, 32. 
Therefore, the use of a peroxide is necessary to meet the criteria of a high grafting 
level, which for this study is between 1 and 2wt%. It has been found that for a given 
peroxide, the MA grafting yield increases by increasing the concentration of a 
peroxide 9, 11-13,20,22,23,30,32. At higher initiator contents, the grafting degree changed 
very little. It has reached a plateau 9,20. 
The main drawback to work at high concentration of initiator is a side reaction 
increase 9, 14, 20, 21, 27. Some authors 9, 21, 27 have found that working at a high 
concentration of peroxide leads to increased melt viscosity and crosslink density of 
PE, which was reflected by an increase of insoluble polymer. For PP, working at high 
concentrations of peroxide decreases dramatically the molecular weight and viscosity 
of the grafted materials 14,20. 
To summarise an increase of peroxide concentration increases not only the grafted 
yield, but also the side reactions of the polyolefins. 
~ Effect of the nature of the peroxide 
The degree of grafting with mono mer also depends on the nature of the peroxide. Cha 
and White 20 studied the influence of the nature of the peroxide on the grafting yield 
of MA onto PP. They used three peroxides: 2,5-di(t-butylperoxy)-2,5-dimethyl-3-
hexyne (DTBHY); 2,5-dimethyl-2,5-di(tert-butylperoxy)hexane (DB HA) and benzoyl 
peroxide (BPO) and the initiator efficiency follows the order: 
DTBHY>DBHA»BPO for a given concentration. They also reported that the 
reaction was entirely accomplished with DTBHY and DBHA in 3 minutes and 2 
minutes, respectively. 
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AI-Malaika et al. 32 also worked on the influence of various peroxides on the grafting 
yield of MA onto PP. For a given concentration, the initiator grafting efficiency 
follows the order: di-tert-butyl peroxide (DTBP» 2,5-di(t-butylperoxy)-2,5-dimethyl-
3-hexyne (DTBHY)-t-butyl a-cumyl peroxide (TBCP» dicumyl peroxide (DCP» 
2,5-bis(tert-butylperoxy)-2,5-dimethylhexane (DTBPH» 3,3,6,6,9,9-hexamethyl 
1,2,4,5,-tetraoxa cyc1ononane (HMCN»> 2,5-di(t-butylperoxy)-2,5-dimethyl-3-
hexyne (DTBHY). However, according to their 1 minute half-life, the amount of 
active oxygen contained in these peroxides does not follow the same order: 
DCP<TBCP<DTBPH-DTBP-DTBPHY<HMCN<DTBHP. Therefore, the chemical 
nature of the primary free radical has a huge impact on the MA grafting yield. It 
appears that t-butoxyl radicals seem to be the most effective for MA melt grafting. As 
has been mentioned, melt grafting of MA onto PP is accompanied by degradation of 
the polyolefin. In their study, they found that the molecular weight of modified PP 
was similar for most the peroxides tested, except for HMCN, DTBHY and TBHP. 
The lowest molecular weight of grafted material was obtained with DTBH. It has 
been noticed that two organic peroxides having similar chemical structures and half-
life values such DTBPH and DTBHY, can affect differently the molecular weight of 
PP. They assumed that the important PP degradation caused by DTBHY is the result 
of an increased solubility in the molten PP. 
Kamjford and Stori 31 investigated the effect of the solubility parameters of various 
peroxides on the grafting level of MA on PP. They used four different initiators with 
different solubility parameters and decomposition rates. Polyolefin used was PP with 
18wt% of ethylene unit. They reported that DCP has a higher solubility in the PP 
phase and DTBPH has got a higher solubility in the ethylene phase. Those latter 
peroxides have approximately the same decomposition rate and the results found on 
the materials functionalised with DCP and DTBPH are similar, revealing that the 
solubility parameter of peroxide is not significant. They also worked on peroxides 
having equal solubility parameters, but different decomposition rates, such DTBPH 
and DTBP. The decomposition rate of DTBPH was twice as high for DTBP. 
However, the MA grafting yield of materials functionalised with DTBPH and DTBP 
were similar. This study indicates that neither solubility nor diffusion rate play an 
important role in the explanation for selective functionalization. Finally, the peroxides 
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used in their study had different types of free radical. DCP and TBCP generate 2-
phenylisopropoxy radicals and DTBP and DTBPH generate methyl and butoxyl 
radicals. 2-Phenylisopropoxy radicals have a higher reactivity than butoxyl radicals 
and methyl. Higher reactivity results in a faster hydrogen atom abstraction. They 
assumed that reactivity of the radicals can explain the difference in grafting yield 
since they found that materials functionalised with initiator having a high reactivity of 
free radicals: DCP and TBCP gave the higher grafting level. 
Srinivasa and Jain 30 studied the effect of different peroxides on the grafting level of 
MA onto an ethylene propylene copolymer using benzoyl peroxide (BPO); lauryl 
peroxide (LPO); Luperox 101 (LUP); dicumyl peroxide (DCP). They found for a 
given concentration of MA that DCP gave the maximum grafting followed by LUP, 
BPO and LPO. (See Figure 18). 
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Figure 18 Effect of MA concentration and initiator types on grafting in a Brabender 
plasticorder 30. 
To summarise, the final MA contents depend on the nature and concentration of the 
peroxide. It has been generally found that increasing initiator concentration increases 
the level of grafting 9, 11-13, 20, 22, 23, 30, 32. However, in the meantime side reactions 
increase 9,14,20,21,27. Parameters to be considered when selecting an initiator include 8. 
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Initiator half-life. 
Nature and reactivity of free radical. 
The solubility of the initiator in the polyolefin melt. 
The initiator half-life is one of the most important parameters when selecting an 
initiator. The half-life of the initiator has to be short compared to the residence time. 
The residence time has to be at least 5 times the half-life of an initiator 7. 
DTBPH and DCP were found to be the most widely used initiators 9,13,25,27,29-32. 
c- Maleic anhydride 
Various authors have worked on the influence of maleic anhydride concentration on 
the grafting yield of MA onto pp 20,22,23,32-34. 
It has been generally found that for a given concentration of initiator, the grafted level 
of MA onto pp slightly increases by increasing the initial concentration of MA up to a 
maximum. Above the optimum, the grafting yield dramatically decreases 8,33,34. AI-
Malaika 32 associated this phenomenon with the solubility of MA which is limited in 
pp at high concentration of MA. 
Shi et al. 33 proposed that at a given concentration of initiator, alkoxy radicals formed 
thermally by homolytic scission can abstract hydrogen atoms from pp backbones and 
MA. When the amount of MA introduced is low, there are enough alkoxy radicals to 
combine with MA monomer and to initiate pp radicals. Therefore, increasing the 
initial amount of MA should increase the grafting yield. This trend is observed up to a 
certain point and then the contrary was observed after a further increase of MA 
concentration. This is explained by the fact that more alkoxy radicals are consumed 
by MA which decreases the number of radicals to induce hydrogen abstraction from 
the pp backbone. Consequently, the grafting degree of MA onto pp decreases and a 
maximum grafting yield appears. Figure 19 illustrates the grafting degree of MA onto 
pp as a function of MA concentration 33. 
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Figure 19 Grafting degree ofPP-g-MAH as a function of concentration of MA 
monomer 33. 
Ho et al. 14 reported that MA enhances the pp degradation, which is significant at low 
levels of initiator and MA concentration. Indeed, they found that degradation of pp 
becomes less pronounced when the initial concentration of MA is high. This has been 
confirmed by Srinivasa and Jain 30. They studied the effect of MA concentration on 
grafting yield of MA onto propylene with 8wt% of ethylene units. At a given 
concentration, and nature of the initiator, the amount of grafting increases with 
increasing monomer concentration. (See Figure 19). They also reported that the MFI 
values (melt flow index) of grafted PP, which is inversely proportional to molecular 
weight, was low when the initial concentration of MA introduced was high. 
Therefore, they suggested that at higher monomer concentrations, the grafting 
reaction may dominate over degradation. 
De Roover et al. 28 also reported that PP degradation does not depend on the maleic 
anhydride concentration. 
Li et al. 9 investigated the influence of the initial concentration of MA on the grafting 
yield and on the melt viscosity of the grafted materials using LDPE as polyolefin. 
They found that the grafting yield of MA onto LDPE increases with increasing the 
initial amount of MA. They also reported that the melt viscosity e.g. crosslinking of 
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grafted products increases with increasing the initial concentration of MA. According 
to Gaylord et al. 35, crosslinking is formed by radical- radical combination and when 
MA is present the number of radical sites increase, which increases the extent of 
crosslinking. 
d- Temperature 
Melt free-radical grafting is usually carried out at high temperature, usually exceeding 
150°C, and can be as high as 300°C 7, 8. It is necessary to work at such high 
temperatures to form a polymer melt. However, there are some drawbacks since it 
will favour polyolefin degradation (see Section 2.3.3), and it will reduce initiator life 
7, 13. Therefore, selection of the melt temperature is critical. Half-life of the organic 
peroxides frequently employed for melt grafting are short at melt grafting temperature 
being of the order of minutes or seconds (see Table 2). Working at high temperature 
will reduce the half-life of the initiator used, which gives a higher transient radical 
concentration for the same concentration of initiator. Therefore, side reactions may 
occur (see Section 2.3.3.3). 
Bremner and Rudin 27 studied the effect of temperature on the graft yield of MA onto 
LLDPE. Both phenomena of side reactions (degradation and crosslinking) can occur 
in LLDPE. The degree of one or the other side reactions depends greatly on the 
temperature of the reaction. They reported that at higher temperature degradation was 
dominant whereas working at low temperature will favour crosslinking. 
Machado et al. 21 studied the degree of MA grafted onto various polyolefins along the 
extruder axis where the temperature increases gradually from 160°C to 204°C. They 
found that the grafting yield increased with increasing temperature. They indicated 
that the grafting reaction began at 160°C as soon as the peroxide started to 
decompose, then the temperature increased sharply, which increased the rate 
decomposition of initiator and the grafting yield increased. As soon as the peroxide 
decomposition was completed, the degree of grafting reached a plateau. This study 
indicated that the grafting profile along the extruder depends not only on the initiator, 
but also on the temperature of the reaction. 
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e- Residence time 
Cha and White 20 reported that the degree of grafting of MA onto pp was a function 
of residence time in the internal mixer. They worked with three different initiators 
having different half-lives. It has been found that the degree of grafting reached a 
plateau within 2 or 3 minutes for all three peroxides. They also reported that the 
degree of grafting gradually increased along the screw and then reached a plateau 
between l3.75 and 15.75 in LID (D is diameter of the screw and L is length of the 
screw). Their study shows that the grafting yield increases with respect of reaction 
time in a screw extruder. 
Machado et al. 21 also studied the effect of the residence time on the grafting yield of 
MA onto various polyolefins. Grafting was carried out in an inter-meshing co-rotating 
twin-screw extruder and average of the residence time at the various sampling 
location along the extruder was estimated with a tracer impulse technique. They 
basically found that a small change of average time resulted in a significant change of 
the rate decomposition of the peroxide. Therefore, the grafting yield was affected. 
They concluded that grafting yield increased with increasing the average time in the 
twin-screw extruder. 
Work conducted by Martinez et al. 22,23 showed that the grafting level of MA onto pp 
dramatically decreases with increasing the reaction time. They also found the 
existence of a maximum in the conversion at a high ratio of MA to initiator. 
Therefore, long reaction time has an unfavourable effect on the grafted materials. 
It has been generally found that the residence time suitable to be used in a twin screw 
extruder is around 3 minutes 20-22 
[ Mechanical mixing 
Screw speed is one of the process variables that directly controls mixing of the 
reactants. The mixing intensity in a batch internal mixer is varied by changing the 
speed of the rotors in the mixing chamber. Mechanical mixing influences the 
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residence time in an extruder, indeed increasing screw speed reduces the residence 
time 8,11. 
Ganzeveld and Janssen 24 investigated the effect of screw speed on the grafting yield 
of MA onto HOPE in a twin-screw extruder. They found that increasing screw speed 
caused a minimum in the grafting yield. They explained this trend by the fact that an 
increase in screw speed reduces the residence time, and, therefore, the time available 
for the grafting process is also reduced. They also reported that increasing screw 
speed allows an increase in the mixing efficiency of the extruder which favours the 
grafting. Therefore, a minimum is observed by combining the two effects. 
Premphet and Chalearmthitipa 11 studied the melt grafting reaction of MA onto 
ethylene-octene copolymer (EOR), which was carried out in a twin-screw extruder. It 
has been mentioned that at a constant throughput, increasing screw speed causes an 
increase in the average shear rate and lowers the degree of fill. In the mean time, 
increasing screw speed improves the mixing in the extruder and favours the formation 
of more polyolefin macroradicals. Therefore, they observed that increasing screw 
speed favours an increase in the grafting level. This trend is only significant at high 
initial concentrations of MA. 
g- Melt reactors 
Few attempts have been made to understand the effect of processing parameters on 
the performance of melt free radical grafting. Polymerisation reactors are batch 
internal mixers and extruders. As it has been mentioned, batch internal mixers are like 
a small-scale twin-screw extruder. Therefore, they are inadequate on an industrial 
scale and they are extensively used for characterization of materials (see Section 
2.3.3.1). Twin-screw extruders and other mixer pelletizers are the types of machinery 
most widely used in industry for large-scale manufacturing of compounds 5,6. 
Batch internal mixers offer the possibilities to mix highly viscous polymers, to use a 
small quantity of reactants due to their small capacity mixing chamber (50cm3) and to 
vary processing parameters which are those encountered in extruders such 
temperature, mixing time and mixing intensity. Moreover, the use of an internal batch 
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mixer allows the elimination of the influence of the residence time distribution on 
melt free-grafting 8. Therefore, preliminary studies can be carried out in internal batch 
mixers prior to proceeding to extruders. 
Cha and White 20 studied the use of melt reactors in the grafting yield of MA onto PP. 
They found that the degree of grafting in an internal batch mixer was higher than in a 
screw extruder. This result has been explained by the fact that the mixing chamber in 
such internal batch mixers is not perfectly sealed, whereas in an extruder it is 
perfectly sealed and pressurized. Indeed, the polyolefin used in their study was PP 
containing some antioxidants as stabilizer. These antioxidants can react with 
macroradicals during the grafting process preventing the grafting reaction of the 
monomer with PP. However, as internal mixers are open to the air, the oxygen present 
in air may inhibit the side reaction as "it may kill the antioxidant". 
Generally speaking, to obtain a better grafting yield the grafting reaction should be 
carried out in an internal batch mixer rather than in an extruder. 
h- Co-agents 
As it has been mentioned, there is a competition between grafting and side reactions 
of the polyolefin macroradicals causing low MA grafting yields with severe 
degradation and/or crosslinking of the polyolefins. This phenomenon has been 
attributed by some authors 8, 18 to the low reactivity of MA towards free radicals and 
its low solubility in polyolefins. The low reactivity results from its structural 
symmetry and its deficiency of electron density around the double bond (see Figure 
20) caused by the anhydride moiety 8,19. 
Figure 20 Structure of maleic anhydride. 
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It has been pointed out in the literature that the use of co-agents can improve grafting 
yield and/or reduce side reactions (cross linking, chain scission and 
homopolymerization) during melt free grafting 7, 13, 15, 17-19,32,59,74,84. It was suggested 
that co-agents capable of donating electrons could activate MA by rendering its 
structure unsymmetrical and its n-bond radical anion character. Co-agents include 
comonomers, solvents, transfer agents, inhibitors and other additives 13. 
~ Electron donor additives 
Gaylord et al. 12,15,35,71,73,74 have reported that various electron donating additives are 
effective in limiting the amount of crosslinking (PE 15, 35, 73, 74, EPR 12) or chain 
scission (PP 71,73), which occurs during the melt phase maleation. The additives used 
are amides (stearamide, dimethyl formamide, dimethyl acetamide,ect), sulphoxides 
(dimethyl sulphoxide) and phosphites (triethyl phosphite). It has been proposed that 
those co-agents interact with MA through charge transfer complexes 8. 
However, some co-agents are only effective under certain conditions. Wu and Su 17 
found that stearamides are only efficient at a low level of initiator and do not 
completely suppress crosslinking during grafting of MA onto EPR. 
It has been also reported that styrene (St) can be used as a co-agent. It interacts with 
MA through a charge transfer complex 7, 8, 18. Various studies showed that St can 
greatly improve the grafting degree of MA and the maximum was obtained when the 
molar ratio of MA to St was I: I. 
Finally, a study of the electron donating capacity of various monomers have been 
undertaken 7, 8 and it has been found that St and a-methyl styrene have the strongest 
electron donating capacity. 
~ Eneophiles 
Another way of chemically activating the double bond of MA is by adding a diene 
such as 1,3-cyclopentadiene or furan 7, 8, 72. The latter can form an adduct of the type 
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of a Diels-Alder with MA. A retro-Diels-Alder reaction may occur under the 
conditions ofthe experiment to generate the monomer in situ. (See Figure 21 below) . 
.. 
Figure 21 Die1s-Alder reaction of cyclopentadiene with MA. 
2.3.3.6 Characterisation techniques 
In this section, the techniques mostly used in the literature to characterise the 
polyolefin graft polymers are described. 
a- FTIR spectroscopy 
Infrared spectroscopy is the most widely used method to quantify and identify the 
grafted functionality in modified polyolefins 9, 13, 14, 17, 18, 20,21,25,27-29,31,36, 37,39,40. 
FTIR spectra are generally measured on melt pressed films. Infrared band positions 
for grafted functionality from MA are listed in Table 6. 
Table 6 The wave numbers of carbonyl functional group 85. 
Structure Vibration Wave number (cm-I) 
Saturated symmetric C=O 1870 - 1845 (weak) 
Saturated asymmetric C=O 1800 -1775 
Anhydride 
Unsaturated symmetric C=O 1860 - 1840 (weak) 
Unsaturated asymmetric C=O 1760-1780 
Acid C=O stretch 1730 -1700 
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It has been pointed out in the literature that the grafted material can be either in the 
anhydride form, or the acid form or in both forms 9, 36-38, It has been generally found 
that the cyclic anhydride of grafted material exhibits two bands appearing around 
1782 cm-I and 1857 cm-I, An additional band is observed around 1715 cm-I when the 
grafted material is in the acid form 9,36-38, Therefore, it has been suggested to dry the 
sample prior to analysis to complete cyclization of the eventually formed diacid into 
the anhydride form 28,36,37, 
Work undertaken by De Roover et al. 28 indicated that a band in the carbonyl wave 
number window 1780 - 1800 cm-I associated with the C=O of the grafted polyolefins 
can be resolved into two bands in the region centred at 1792 cm-I and 1784 cm-I, 
These bands have been associated with two different anhydride species which are, 
respectively, single succinic anhydride units grafted into polyolefin and oligoMA, 
(See Figure 22), Further research have confirmed this finding 13,76, 
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Figure 22 Segments (1720-1900 cm-I) of the infrared spectra (film) ofa MAR-PP, 
MAR -LLDPE, and n-dodecyl succinic anhydride 28, 
It has been also reported in the literature that drying samples under vacuum prior to 
analysis not only allows transformation of the carboxylic acid into carboxylic 
anhydride, but also allows elimination of free maleic anhydride 28,31,38,40,52, Another 
way to purify the samples from unreacted monomer is the precipitation method which 
consists of dissolving samples in a appropriate solvent, such toluene or xylene, 
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followed by a precipitation in a polar solvent such acetone, then a filtration and finally 
a drying stage in a vacuum oven for solvent removal 9, 10,20,21,36,41. 
As it has been mentioned, FTIR spectroscopy is used for quantitative analysis of 
grafted MA onto polyolefins. Therefore, a calibration was realized using 
representative model compoundsl3, 28, 36, 38, 59 An example of results of those 
calibrations is given below 28. 
[Anh dride] = 21.5 x Abs 1792 cm-l 
y Abs 1100cm-1 
+ 24.5x Abs1715cm-1 
Abs 1100cm-1 
Where [anhydride] represents the anhydride concentration in (~eq/g), Abs 1792 cm-I 
is the absorbance of the succinic anhydride symmetric c=o stretch, Abs 1715cm-1 is 
the absorbance of the carboxylic acid symmetric c=o stretch, and Abs 1100cm-1 is 
the pp reference. 
b- Titration 
Many authors quantified the anhydride content grafted onto polyolefins by titration. It 
is usually used to check the FTIR spectroscopy data 9, 11,22,23,30,31,33,36,38,40,41. Acid-
base titrations of MA grafted polyolefins are commonly performed in aromatic 
solvents such xylene or toluene. 
Some authors 9 worked under dry conditions, which means that the solvent used for 
titration is pure and the grafted material is in its anhydride form, which requires a 
previous vacuum thermal treatment ofthe polyolefins. 
Others have worked in wet organic solvents. In this case, the solvent is either 
saturated with water 11,15,31,36,71,74 or 200~ml of water is added after the dissolution 
of poly olefin 33,40,41 to hydrolyse the anhydride into the carboxylic form. 
The titration goes on until the visual end point of a coloured indicator corresponding 
to the neutralisation of the grafted functions. The coloured indicator mostly used is 
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thymol blue 9, 11, 12, 15,30, 71. Phenolphthalein 28, 38, 40, 41, bromothymol blue31 , 38 and 
cresol red33 are other indicators, which have been used. 
Carboxylic group concentration is determined by alkali titration using most often an 
alcoholic potassium hydroxide solution 9, 12, 15,30, 31, 33, 36, 40, 41, 71. In some cases, a 
tetramethyl ammonium hydroxide solution 11,38,72 has been used. 
Others authors used a back titration method by adding an excess of base to the 
solution and titrating it back with an alcoholic hydrochloric acid solution 9, 15,31,36,71, 
74 
c- Molecular weight measurements 
Gel permeation chromatography (GPC), or size exclusion chromatography (SEC), 28, 
31,33,38,41,86-88 is used for the measurements of molecular weight (Mw) and molecular 
weight distribution of grafted polyolefins and polyolefins. 
An another way to monitor the molecular weight of the grafted polymer is to measure 
the melt flow rate (MFR) using ASTM standard Dl238 15,16,18,30,86. 
Those analytical methods (GPC, MFR) provide extra information on the state of the 
grafted material. Indeed, side reactions (degradation and crosslinking) are 
accompanied by a change of the molecular weight of the grafted polyolefin. Generally 
speaking, an increase of molecular weight indicates that the grafted product has been 
crosslinked. The contrary is observed when degradation occurs. 
Viscosity measurements 9,20 and oscillatory rheological measurements 10,14,17,21,25,59 
have also been carried out by many authors to assess if the modified polyolefins have 
been degraded, or crosslinked, since the viscosity is proportional to weight average 
molecular weight. 
d- Gel content 
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The gel content (insoluble fraction) produced in ethylene plastics by crosslinking can 
be detennined by extracting with solvents such as xylene according to ASTM D 
2765-95a 11,21,27. Insoluble fractions of the reaction products can also be measured by 
a soxhlet extraction 40, 89. 
e- Differential thennal analysis 
Differential thennal analysis is an analytical method in which the specimen polymer 
and an inert reference material are heated concurrently at a linear rate, each having its 
own temperature sensing and recording apparatus. The thennal-energy changes, either 
endothennic or exothennic, which occur in the course of heating, are plotted. This 
thennogram provides data on the chemical and physical transfonnations that have 
occurred, such as melting, sublimation, glass transitions, crystal transitions and 
crystallization 90, 91. Therefore, many authors have used differential scanning 
calorimetry (DSC) to detennine the thennal behaviour of the grafted material 18,30,31, 
89,92 
f- NMR spectroscopy 
In NMR spectroscopy, the chemical shifts are very sensitive to chemical environment. 
Therefore, it has advantages over most other spectroscopic methods such FTIR 
spectroscopy since it is possible to establish not only the nature of the group, but also 
how and where it is attached to the polyolefin backbone 7. In order to clarifY the 
structure of graft groups, many authors have used I3C NMR spectroscopy 29, 75, 80, 93 
and proton NMR spectroscopy 37. Studies using NMR spectroscopy have also been 
undertaken on non-grafted material to detennine the polyolefin sequence distribution 
and the tacticity of the pp units 94,95. 
2.4 Copolymerisation 
Chain polymerisation can be perfonned with mixtures of monomers rather than with 
only one monomer. The type of reactions that employs two monomers is called 
copolymerisation. Compared to homopolymers, the synthesis of copolymers can 
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produce an unlimited range of different sequential arrangements, where the change in 
relative amounts and chemical structures of the monomers produce materials of 
varying chemical and physical properties. The variety of structures of copolymers 
include alternating copolymers (units alternate regularly along the chain), statistical 
copolymers (units arranged randomly along the chain) and block copolymers (repeat 
units of one type occurs successively along the chain). The type of copolymer formed 
is dependent upon the reactivity of the comonomers toward each other. The main 
advantage of synthesising copolymers is that most of the time they exhibit better 
qualities than the parent homopolymers. 
2.4.1 Kinetics of copolymerisation 
The copolymerisation mechanism was firstly elucidated by Dostal in 1936 96and then 
extended and formalised by a numbers of workers 97,98. They demonstrated that the 
copolymerisation composition can be determined by the chemical reactivity of the 
free propagating chain terminal unit during copolymerisation. The use of two 
monomers MI and M2, during copolymerisation leads to two types of propagating 
species: propagating chains that end with a monomer structure MI and M2, 
respectively. By stating that the free radical addition of monomers depends only on 
the nature of the radical ended chain, four possible propagation steps are possible 
which are self-propagation (MI' reacting with MI and/or M2' reacting with M2) and 
cross-propagation (M1' reacting with M2 and/or M2' reacting with MI). This results in 
four separate reactions, each with its own rate constant. 
Reaction Rate 
M;+MI kll ) MO kll [M;][Mll Equation 30 I 
M;+M2 k12 ) MO ~2 [M;J[M21 Equation 31 2 
M;+MI kll ) MO k21 [M; 1 [Mll Equation 32 I 
M;+M2 k22 ) MO k22 [M;][M21 Equation 33 2 
kll and k22 are the rate constants for self-propagation and kl2 and k21 are the rate 
constants for cross-propagation. 
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Kinetic expressions were developed by applying the steady state condition (the 
assumption that the concentration of MJ" and M2" remain constant 48) leading to the 
rate of addition ofMJ" to M2 is equal to the rate of addition of M2" to MJ. 
Equation 34 
The rate of disappearance of [Ml] and [M2] may be expressed by the following 
equations. 
Equation 35 
Equation 36 
[md and [m2] are the concentration of the monomer units in the copolymer. 
The copolymer composition equation (Equation 39) is obtained by considering 
Equation 36, dividing Equation 34 by Equation 35 and simplifing by using the 
reactivity ratios. The reactivity ratios are defined as the ratios of the reaction constant 
for homopolymerization to the reaction constant for copolymerisation. The reactivity 
ratios for monomer MJ and M2 are, respectively, named rJ and r2· 
k 
r ---B. 2 -
k2 • 
d[m.] = [M.] 1j[M\] + [M2 ] 
d[m2 ] [M2 ] r2[M2 ] + [M\] 
Equation 37 
Equation 38 
Equation 39 
The values of the monomer reactivity ratios give an indication of the copolymer 
structure. 
r\ < 1 MJ" prefers to add M2. 
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rl = 1 MI· has an equal probability of adding MI· and M2·. 
rl = r2 =0 Tendency towards alternating copolymers. 
O<rl r2 < 1 Tendency towards alternating copolymer (more common than above) 
rl = r2 = 1.0 Tendency towards ideal copolymer formation 
rl< 1 and r2 > 1 Tendency towards composition drift, and rich in M2 monomer units, 
the more reactive M2 will be depleted until only MI remains. 
Tendency to obtain block copolymer. 
2.4.2 Estimation ofthe monomer reactivity ratios. 
Many methods have been used to estimate the reactivity ratios of a large number of 
comonomers 99. The most common one involves the rearrangement of the copolymer 
equation (Equation 39) to give a form which is linear in the parameters rl and r2 so 
that the reactivity ratios can be estimated by a linear least squares fit. 
In order to determine the amount of the comonomer that has been incorporated into 
the copolymer, various analytical methods must be used. Proton nuclear magnetic 
resonance (NMR), CB NMR and Fourier-transform infrared (FTIR) spectroscopies 
are three sensitive instruments that can determine the copolymer composition 99. 
Preparing copolymers with a range of monomer to feed compositions will allow 
calculating the copolymer compositions, which will be used to determine rl and r2· 
2.4.2.1 Fineman-Ross method 
Fineman and Ross developed the first analysis of reactivity ratio lOO by defining: 
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The copolymer equation can be rearranged to 
G=r1 F -r2 
and/or 
G 1 
-=-r, -+r. F 2 F 1 
Where 
G=x(y-l) and F=£ 
y Y 
Equation 40 
Equation 41 
Equation 42 
Equation 43 
Plotting Equation 42 gives a straight line whose slope is rl and whose intercept is -r2, 
while the plotting Equation 43 delivers -r2 as the slope and rl as the intercept. 
This method depends upon the use ofthe copolymer equation, and, as such, is subject 
to errors. Indeed, it has been pointed out that the Fineman-Ross equations unequally 
weighted the data such that results obtained at the extremes of the feed ratios had the 
most pronounced effect on the slopes of the plots 46,48. 
2.4.2.2 Kelen-Tiidos method 
The Kelen-Tiidos method 46,48, 101-104 is an extension of the Fineman-Ross method. It 
adds an arbitrary positive constant into the Fineman-Ross equation (Equation 42). 
This technique spreads the data more evenly over the entire composition range to 
produce equal weighting to all the data, which, therefore, minimises the above source 
of error. The following linear equation was proposed. 
Equation 44 
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a = ~Fmin xFmax and Fmin and Fmax are the maximum and minimum values calculated 
from the experiment. 
By defining 
G F 
a = (a + F) and ~ = (a + F) 
Equation 44 can be rewritten to provide Equation 45. 
Equation 45 
When the values of reactivity ratios are expected to be similar, then a value of a= 1 
can be used as an arbitrary constant. By plotting cr versus S, a straight line is produced 
that gives (-r2/a) and rl as the intercepts on extrapolation to s=O and s=l, respectively. 
Reactivity ratio has been determined for many important combinations of monomers 
and have been tabulated in several reference sources such as the Polymer Handbook 
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2.4.2.3 Q-e scheme 
To simplify the process of determining reactivity ratios, a semi-empirical relationship 
has been developed that expresses the ratios in terms of constants that are 
characteristic of each monomer, but independent of comonomer 46, 48, 57, 105. Thus, it 
allows eliminating the need to determine experimentally the ratios for each pair of 
monomers in a particular copolymerisation. This relationship is called Q-e scheme. 
The reactivity ratios of the monomers are the result of resonance, polarity and steric 
effects. 
Steric hindrance affects monomer reactivity 46,48,57,105. Indeed, l,l-substitued species 
react more easily than 1,2-substitued ones. However, the two main factors that 
influence mono mer reactivity are resonace stabilisation and polarity 46,48,57, 105. 
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Resonance affects reactivity by stabilisation of the intermediate radicals - the more 
resonance stabilisation, the less reactive is the mono mer towards propagation. Thus, 
resonance stabilised styryl radicals exhibit little tendency to add vinyl acetate because 
the resultant radical would not be stabilised. However, styrene does copolymerise 
with methyl methacrylate. The latter, like styrene, forms a delocalised radical. In this 
case, resonance stabilisation is not satisfactory in describing the tendency for some 
monomers to copolymerise. 
The copolymerisation of styrene and methyl methacrylate is attributed to the 
phenomenon of polar effects. A difference in polarity, determined by the side groups, 
of the two monomers strongly formed copolymers. Indeed, it has been found that the 
most efficient copolymerisation occurs between pairs of monomers where one has an 
electron poor double bond and the other has an electron rich double bond. 
Alfrey and Price attemped to combine the effect of resonance stabilisation and 
polarity in a semi-quantitative maner 46,48,57,105. The expression for the Q-e scheme is 
based on the cross propagation reaction (Equation 46) 
Equation 46 
P characterises the radical state, Q the monomer reactivity or resonance stabilistaion 
el and e2 the polarisation of the radical and reaching monomer, respectively. It is 
useful to state the reactivity ratios in terms of the Q-e equation (Equation 47 and 
Equation 48) 
Equation 47 
Equation 48 
As stated previously, the alternating tendency can be expressed as the product of rl 
and r2 (Equation 49) 
Equation 49 
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2.4.3 Copolymerisation with alkyl methacrylate 
Compounds useful as DVMs are characterized by a polar group attached to a 
relatively high molecular weight hydrocarbon chain. The polar group generally 
contains one or more of the elements nitrogen, oxygen and phosphorus. In this study 
the polymer chain used has a methacrylate backbone. Copolymers usually have better 
properties than their parent homopolymers 45-48. Therefore, copolymerisation of alkyl 
methacrylate will be undertaken with suitable comonomers. 
2.4.3.1 Synthesis of alkyl methacrylates 
Alkyl methacrylates belong to the family of acrylic monomers and are derived from 
methacrylic acid. These compounds are reactive monomers which find their principal 
use in the manufacture of the polymeric compounds. 
Rohm's 1901 doctoral thesis addressed the polymerization of acrylic acid. Around 
1920, Rohm found new routes to make both acrylate and methacrylate starting 
materials 43, 50. Shortly thereafter, poly(methyl methacrylate) (acrylic or "Perspex") 
was born, and by 1935 it was starting to be used in aircraft cockpit manufacture and in 
other protective screens. The most important methacrylate plastic is PMMA. 
methacrylic acid methyl methacrylate alkyl methacrylate 
R = alkyl groups 
poly(methyl methacrylate) poly(alkyl methacrylate) 
Figure 23 Acrylic monomers. 
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The principal process for the production of MMA is the converSIon of acetone 
cyanohydrin to the methacrylate 43, 50. MMA is obtained by heating acetone 
cyanohydrin (obtained from the addition of hydrocyanic acid to acetone) with 
sulphuric acid to fonn methacrylamide sulphate which reacts continuously with water 
and methanol. See Figure 24. 
H ==N 
CH3 
_. ",c+" 
acetone cyanohydrin 
methacrylamide sulphate 
Figure 24 Ethylene cyanohydrin process 43. 
However, the ready availability of HeN is limited 43. Therefore, an alternative route 
have been developed which involves the oxidation of C4 intermediates. It is based on 
the two stages, the oxidation of isobutylene, or t-butyl alcohol, to methacrylic acid, 
which is then separated and esterified. The reaction may be performed in the liquid or 
vapour phase depending on the oxidants, which are either nitric acid or dinitrogen 
tetroxide (N204) in the liquid phase only or oxygen in either case. See Figure 25. 
a) 
H3C 
-H20 )= CH30H 
.. CH2 .. 
HOOC 
H3C )= Nitrogen oxides CH2 .. 
3C 
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b) 
CH3 CH3 
H2C==< + 
O2 .. H2C==< + H2O 
CH3 CHO 
CH3 CH3 
H2C==< + 1/2 O2 .. H2C==< 
CHO COOH 
CH3 CH3 
H2C==< + ROH .. H2C==< + H2O 
COOH COOR 
Figure 25 Oxidation of isobutylene a) by nitric acid and b) with oxygen 43,50. 
The principal industrial route for producing the higher alkyl methacrylate is the direct 
esterification of methacrylic acid 50. This process forms an ester and water by 
refluxing the acid and an alcohol in the presence of an acid catalyst. Commonly used 
catalysts for esterification include sulphuric acid or Lewis acids such as scandium 
triflate. The main disadvantage of direct esterification is the unfavourable chemical 
equilibrium that must be remedint by the removal of the water of condensation. 
However, this method provides esters in excellent yield and purity and in acceptable 
reaction periods 50. 
Another route is the transesterification of alcohols 50, which is the process of 
exchanging the alkoxy group of an ester compound by another alcohol. These 
reactions are often catalyzed by the addition of an acid or base 50. 
Methacrylate monomers are highly reactive 42. The high reactivity of methacrylates 
result from unsaturated terminal sites along their backbone structures. Owing to these 
unsaturated sites, methacrylates can react quickly to form polymer via free radical 
polymerization using ultraviolet light in conjunction with photo-initiators. Radicals 
produced from photo-initiators, or from thermally decomposed peroxides, attack sites 
of unsaturation, which in turn produce additional free radicals. As these reactions 
proceed, the molecular weight of the growing polymer increases until a solid polymer 
matrix is formed. 
67 
Chapter 2: Background and theory 
Polymerization inhibitors promote the process and shelf stability of methacrylate 
monomers 42, 43, 50. Inhibitors scavenge free radicals, which can form during the 
manufacturing process, or in extreme storage conditions. They react with chain 
radicals to terminate chain propagation. Inhibitor concentration is dependent on the 
inherent instability of the monomer and its functionality. The effects inhibitors have 
on cure rate, colour, and other performance properties are considered negligible since 
only minute amounts (ppm) are used. Hydroquinone (HQ) and hydroquinone 
monomethylether (ME HQ) are two commonly used inhibitors 42, 50. Both stabilize 
chain radicals before they can react with other unsaturated sites. HQ and ME HQ react 
with chain radicals by hydride abstraction. 
The resulting hydroquinone radical is stable and cannot initiate further 
polymerization. The stability of the HQ radical results from delocalization of the 
electron charge density throughout the aromatic structure. 
It is possible to polymerize monomer containing inhibitor by increasing the initiator 
concentration. Removal of inhibitor can be accomplished in several ways which are 
equally effective, but vary in the complexity of equipment required 42,43,50. Vacuum 
distillation of the inhibited monomer is one method 50. Washing the mono mer with 
portions of aqueous sodium hydroxide solution until a fresh wash solution is 
colourless, then washing the monomer with water until portions of the wash water are 
neutral and, finally, drying the uninhibited monomer over anhydrous magnesium 
sUlphate is another method 42, 50. A third, simpler method is the passage of the 
inhibited mono mer through a glass column containing anion exchange resins and 
adsorbents 42,50. The conjugated ring of the stabilizer associates with the styrenic ring 
of the anion exchange resin and the ionic groups pair up to remove effectively the 
stabilizer from solution. Once the inhibitor is removed, the monomer must be used 
promptly or it may be stored in the dark for a few days at 4°C, or below. Unless kept 
cold, uninhibited monomer will polymerize spontaneously upon standing. An air 
space should be maintained over the monomer at all times during storage to maintain 
stability, since oxygen acts as an inhibitor. 
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2.4.3.2 Choice of comonomers 
The selection of the appropriate amine-containing comonomers that can be 
polymerised with alkyl methacrylates for possible use as dispersion viscosity 
modifiers was based on likely efficacy, cost, safety and evidence of their use in the 
literature. Potential comonomers should be flat structures containing aromatic groups, 
nitrogen and a polymerisable vinyl group. Some examples are reported on Table 7. 
As the dyes and carbazole compounds are very expensive, they were not used as 
comonomers. The monomer that was considered for this programme is N-
(anilinophenyl)methacrylamide (APMA) since it is commercially available at 
acceptable prices. 
Table 7 Potential comonomers. 
Structure Supplier - Hazard 
Price identification 
9H -Carbazole-9-ethyl ~ Sigma 
methacrylate """-
° 
Aldrich 
::;:::;- N~O~CH2 £190/5g Irritation to eyes, 
~ fl CH3 respiratory 
Disperse Red 1 methacrylate 
-o-rH3 Sigma system and skin o"V1 ~ j ~ 95% Hl~jN ~ Aldrich 
CH2 £191.3/g 
H3C 
4-Vinyl aniline 
H,N < ) \H, Fisher Harmful by £30.90/5g inhalation, in 
contact with skin. 
N-(Anilinophenyl)methacrylamide ()""Q,.iyCH' May cause eye irritation 
CH2 
There are different ways of preparing APMA. One of them involved the use of 
methacryloyl chloride and produced by-products such as hydrochloric acid and 
sulphur dioxide which can not be used in commercial applications 50, 106. Another 
method for the preparation of APMA is from primary amines, methacrylic acid and a 
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base catalyst. This latter is more appropriate for commercial applications and has been 
used by the Goodyear Tire and Rubber Company. The process is carried out by 
reacting methacrylamide with para-aminodiphenylamine in an organic solvent having 
a boiling point above 100°C in the presence of a metallic catalyst. Methacrylamide 
monomers are stable when stored in the solid state. Therefore, they are shipped 
without an inhibitor 50. 
APMA is an unsaturated aromatic methacrylamide and can be used as an antioxidant 
3. The secondary amino group in the a-position to the aromatic ring is the key 
functionality creating the inherent chemical efficiency. APMA is a monomer 
containing a polymerisable methacrylamide group which can undergo polymerisation 
and copolymerisation with another monomer. However, very few articles on the 
copolymerisation of APMA are available in the literature. Terpolymers of APMA 
with hindered amine stabiliser and alkyl chain have been produced in order to be used 
as light and heat stabilisers 107. APMA was also used as an intermediate to prepare a 
water-soluble conducting copolymer 108. In the field of interest, there are no academic 
studies on the polymerisation of APMA with alkyl methacrylates. However, there are 
two patents available on the polymerisation of APMA with several alkyl 
methacrylates 44,49. 
a) 
o ~NH' + 
~NH~ 
CH2 
a0CH' .. 
Para-aminodiphenylamine 
b) 
Para-aminodiphenylamine 
o 
Methacryloyl chloride 
H00CH' 
o 
Methac lic acid 
Xylene, 120·C, N2 
.. 
MeONa, MeOH 
Figure 26 Preparation of APMA by different processes. 
APMA 
APMA 
The invention patented by Texaco 44 reported that methacrylate polymers have a great 
interest in lubricant applications such as viscosity index improvers and pour point 
depressants. The amine functionalised methacrylate polymers add dispersancy as a 
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function to the polymer. Oil additives face drastic conditions, such as oxidation, in the 
engine and in order to improve the resistance of a lubricating oil to oxidation the 
incorporation of an antioxidant into polymer additives is required. However, there are 
only a few methacrylates having multi functional additives. By incorporating APMA 
into the methacrylate backbone, a multifunctional additive is obtained (dispersancy, 
antioxidant and viscosity index improver). The tests undertaken were related to 
dispersancy, anti-oxidation and viscosity properties. They found that such a 
synthesised multifunctional polymer is capable of providing the methacrylate with 
anti-oxidancy as well as dispersancy properties, while maintaining the same 
viscometric characteristics. 
The materials patented by Sanyo Chemical Industries 49 were based on viscosity index 
improver properties only. They polymerised several alkyl methacrylates with different 
types of co mono mer. One of them was APMA. 
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3 Experimental 
3.1 Free radical grafting polymerisation 
Table 8 Materials used in the free radical grafting polymerisation 
Product Supplier 
Acetic acid Fisher Chemicals 
Acetone (analytical reagent grade) Fisher Chemicals 
Benzoic acid Fisher Chemicals 
1,2,4-Trichlorobenzene with anti-oxidant Fisher Chemicals 
Bromothymol blue (BTB) Fisher Chemicals 
Chloroform (analytical reagent grade, stabilised by Fisher Chemicals 
aniline) 
2-Dodecen-I-ylsuccinic anhydride (DSAn) supplied by Acros Organic 
Drierite (without indicator, 8 mesh) Acros Organic 
Ethylene propylene copolymer (E:P 50/50) (OCP) Lubrizol Ltd, made by Suit Chem 
Ethylene propylene copolymer (E:P 75/25) (VM-8) Lubrizol Ltd, made by Suit Chem 
Maleic anhydride (MA) Aldrich Chemical Company Ltd 
Methanol (MeOH) (analytical reagent grade) Fisher Chemicals 
Potassium bromide (KBr) Fisher Chemicals 
Sodium methoxide (NaOCH3) (anhydrous powder) Acros Organic (anhydrous powder) 
Succinic acid (SAc) (99%) Acros Organic 
Succinic anhydride (SA) (>99%) Acros Organic 
Tetrabutyl ammonium hydroxide (TBAOH) (O.IN) Acros Organic 
Toluene (analytical reagent grade) Fisher Chemicals 
Thymol blue (TB) Fisher Chemicals 
Xylene (analytical reagent grade) Fisher Chemicals 
All chemical were used as received unless otherwise stated. 
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3.1.1 Small scale polymerisation 
3.1.1.1 Raw materials 
Table 9 Raw materials. 
Raw material Name Abbreviation Chemical structure 
Ethylene propylene 
Polyolefin 
copolymer with 
VM-8 CH3 H3C 
75wt% ethylene ~/CH2 ~ 
WVVV CH 'CH wvvv 
units 
2 2 H 
Unsaturated 0\fO Maleic anhydride MA 
monomer 
Initiator Dicumyl peroxide DCP < ) r\-fO 
H, 0 "j 
CH, 
3 .1.1.2 Parameters 
The parameters investigated were temperature, reaction time, screw speed, concentration of 
MA and DCP. The level of variation for each parameter was two which leads to a matrix of 
32 experiments. The recipes and experimental conditions used in each experiment are given 
in Table 10. 
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Table 10 Grafting conditions. 
Experiments Raw materials (~) Parameters 
Experiment Product MA Peroxide Temperature Time Screw speed 
number code (wt%) (wt%) (OC) (min) (rpm) 
1 cmob008 9 2 170 15 75 
2 cmob009 9 0.5 170 15 150 
3 cmobOl0 3 0.5 200 15 150 
4 cmobOll 3 2 170 15 150 
5 cmob012 9 2 200 15 150 
6 cmob013 9 0.5 200 5 150 
7 cmob014 3 0.5 200 5 75 
8 cmob015 9 0.5 200 15 150 
9 cmob016 9 0.5 170 5 75 
10 cmob017 3 2 200 15 75 
11 cmob018 9 2 170 5 150 
12 cmob019 9 2 200 5 150 
13 cmob020 9 0.5 200 15 75 
14 cmob021 3 0.5 170 15 150 
15 cmob022 9 0.5 170 15 75 
16 cmob023 9 0.5 170 5 150 
17 cmob024 9 2 170 15 150 
18 cmob025 9 2 170 5 75 
19 cmob026 9 2 200 15 75 
20 cmob027 9 2 200 5 75 
21 cmob028 3 2 170 15 75 
22 cmob029 3 2 200 5 150 
23 cmob030 3 0.5 200 15 75 
24 cmob031 3 0.5 170 5 150 
25 cmob032 3 2 200 15 150 
26 cmob033 3 2 200 5 75 
27 cmob034 3 0.5 200 5 150 
28 cmob035 3 2 170 5 150 
29 cmob036 9 0.5 200 5 75 
30 cmob037 3 0.5 170 15 75 
31 cmob038 3 0.5 170 5 75 
32 cmob039 3 2 170 5 75 
(*) weights of MA and DCP were based on the weIght ofVM-8. 
3.1.1.3 Grafted polyolefin synthesis 
The grafting reactions were carried out in a Haake Rheocord internal mixer. The net chamber 
volume of the internal mixer was 85cm3 with a fill level of 0.7. Therefore, the maximum 
volume that was used is 59.5cm3• The specific gravities of VM-8, MA and DCP are, 
respectively, 0.87, 1.43 and 1.00 g.cm-3• The weights of MA and DCP were based on VM-8 
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and the maximum amount of MA and DCP used were 9wt% and 2%wt, respectively, based 
on VM-8. Therefore, the maximum amount ofVM-8 that can be used follows Equations 50 
and 51: 
v = WVM- 8 + 9%WVM_8 + 2%WVM_8 
max 
PVM-8 PMA PDCP 
Equation 50 
Therefore, 
w. = Vmax 
VM-8 (1 0.09 0.02 ) 
--+-+--
PVM-8 PMA PDCP 
Equation 51 
Vrnax is the maximum volume that can be used in the internal mixer, which is 59.5cm3• PVM-8, 
PMA and PDCP are the specific gravity ofVM-8, MA and DCP. WVM-8 is the maximum weight 
ofVM-8. 
From Equation 51, the maximum amount of VM -8 that can be used in the internal mixer is 
48.28g. In this study, the maximum charge ofVM-8 processed in the mixer was 45g. 
The mixing chamber was heated to the desired temperature. The polyolefin was then added 
which decreased the temperature of the chamber. Therefore, the polyolefin was heated for 
about 5-10 min until it was completely molten and the desired reaction temperature was 
reached. A mixture of MA and DCP was then charged into the chamber of the internal mixer. 
The contents of the mixing chamber were mixed over the desired time at the desired mixing 
screw speed. At the end of the reaction, the product was quickly removed manually from the 
chamber. 
3.1.2 Large scale polymerisation 
Optimum conditions, found via the matrix, were used in a APV MP30TC twin-screw 
extruder again using VM-8 copolymer. 
Specifications of APV MP30TC compounding extruder were as follows. 
Screw diameter: 30mm 
75 
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Ratio of length to diameter of screw: 
Screw speed range: 
Direction of screw speed: 
Screw action: 
3.1.3 Characterisation techniques 
30:1 
0-500rpm 
co-rotating 
self-wiping, fully intermeshing 
The chemical characterisation of the samples obtained was performed following the 
procedure presented in Figure 27. 
I Polymer modification in the internal mixer 
I Sample collected from the internal mixer 
I Dissolution in refluxing toluene 
I I 
Samples having no gel Samples having a high amount of 
undissolved fractions 
I 
Purification of grafted materials I 
DSC I I GPC I I Gel content I 
I I 
FTIR spectroscopy I I Titration I 
wt%MA wt%MA 
Figure 27 Procedure for sample characterisation 
3.1.3.1 Purification of the grafted materials 
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In order to eliminate free maleic anhydride, the reaction products obtained in the grafting 
procedure were purified using a precipitation method. The precipitation method consisted of 
dissolving samples in an appropriate solvent such toluene or xylene following by 
precipitation in a polar solvent such as acetone, then by filtration and finally by drying in a 
vacuum oven for solvent removal. 
VM-8 is soluble in toluene and in xylene. From the literature, ethylene-propylene copolymers 
with a high level of ethylene units is much more soluble in toluene than xylene 10, 10,21. 
Therefore, the solvent used to dissolve VM-8 was toluene. 
Precipitation was first undertaken in acetone as suggested in the literature 9-12, 18,20,21,31,36,41, 
74. However, no precipitation was obtained. Therefore, attempts to achieve precipitation were 
then undertaken in water and/or in methanol. In both cases, there was precipitation. As 
methanol is more volatile than water, the more appropriate non-solvent to precipitate the 
dissolve polyolefin was methanol. 
Therefore, the procedure used to purify the grafted material is 2g of sample was dissolved in 
200ml toluene under reflux at l100 e for 2h. The temperature was lowered to 25°e and the 
dissolved sample was precipitated by drop-wise addition into 600ml of cold methanol (5°C). 
The recovered polymer was filtered, washed with cold methanol and dried under vacuum at 
1100 e for 24h. 
3.1.3.2 Fourier-transform infrared spectroscopy (FTIR) 
FTIR spectroscopy was run on each sample using a Shimadzu 8300 series bench instrument. 
Each spectrum was collected by ATR (Attenuated Total Reflectance) and/or by transmission 
with a scan range of 4000-600 cm-I. Qualitative analysis was carried out to give an indication 
of the structure, while quantitative analysis allowed the composition to be determined. 
a- Qualitative FTIR spectroscopy 
Samples for FTIR spectroscopy were prepared in a number of ways. Solid samples such as 
MA and Dep were milled with potassium bromide (KBr) to form a very fine powder. This 
powder was then compressed into a thin pellet which was analysed. 
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F or the grafted material, the easiest way to prepare samples for FTIR spectroscopy is by 
compression moulding. Thin films were obtained by pressing 0.1 - O.2g of the polyolefin 
between melinex sheets under a load of 10 tons at 120°C for 1min. The load was only applied 
after 3min at 120°C. 
Alternatively, the grafted materials can be dissolved in a solvent which is usually used for 
quantitative analysis. They were prepared as 109/L solutions in chloroform. 
For liquid samples, background spectra were run using the solvent in a cell made of two 
sodium chloride plates. Water vapour spectra were also run and subtracted from the sample 
spectrum. The number of scans for each sample was typically 30 over a wave-number range 
of 4000 cm-I to 600 cm-I with a resolution of 1 cm-I. 
F or pellets and thin films, background spectra were run using air. The number of scans for 
each sample was typically 30 over a wave-number range of 4000 cm-I to 600 cm-I with a 
resolution of 2 cm-I. The pellet measurements were performed in the transmission mode and 
the thin films measurements were collected using the ATR technique. For melt-pressed films 
analyzed with a Mattson 3000 FTIR spectrometer. Spectra were collected by the transmission 
mode and the number of scans was 64 with a 4cm-1 resolution over a wave number range of 
4000 cm-I to 600 cm-I. 
b- Quantitative FTIR spectroscopy 
FTIR analysis was investigated as a technique to estimate the %MA grafted in the melt 
product obtained by reactive extrusion. It is an accepted method for providing information on 
the quality of the melt product. The basis of this technique is that chemical groups absorb 
energy at specific and predictable wavelengths, of which the concentration can be determined 
by using the Beer-Lambert law 85 (Equation 52). 
A = cbe Equation 52 
A is the absorbance, E IS the extinction coefficient, b is the path length and c is the 
concentration. 
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In this study, the group of interest is the carbonyl group of the succinic anhydride units. 
Therefore, succinic anhydride was used as a standard and model for the grafted maleic 
anhydride products. Knowing the concentration of carbonyl groups present in the products 
allows the determination of the number of anhydride units present, and therefore, the 
percentage of grafted product. 
A series of concentration standards (from 0.005 to 0.08 mol.L-I) were prepared in chloroform 
and were then submitted to FTIR analysis using the solvent spectrum as the background 
spectrum. Integration was carried out, after subtracting the background absorption by the 
solvent, using the whole signal above 0% in the absorbance within the carbonyl wave 
number window: 1900-1650 cm-I. A plot of peak area vs. concentration and the relevant 
statistics are shown in Figure 28. 
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Figure 28 Succinic anhydride calibration. 
3.1.3.3 Total acid number (TAN) 
Titration was also used to quantify the anhydride content grafted onto the polyolefins (see 
Section 2.3.3.6). Studies were undertaken on model compounds to find an acid-base titration 
method for an accurate and reproducible quantification of maleic anhydride. 
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As suggested before, the grafted material can be either in the acid form or in the anhydride 
form or in both forms. Different reaction stoichiometry between the anhydride and the 
corresponding acid distorts the grafted function quantification when both forms are present. 
Therefore, attempts to get one form of the grafted material were undertaken. In this study, it 
was found that full hydrolysis of the anhydride function was very hard to obtain. The 
hydrolysis of a grafted material was undertaken by first dissolving the grafted polyolefin in 
toluene then by adding 50).11 of water under reflux over 2h. Very few transformations of the 
grafted maleic anhydride groups into their acidic form were observed by FTIR spectroscopy 
(the band at 1715-1720 cm-1 assigned to the carboxylic functions, the band at 1785-1790 cm-1 
assigned to the anhydride form). Further hydrolysis was carried out using a catalyst such 
pyridine. No change was found with or without a catalyst. Consequently, efforts were 
focussed on a method to close any open rings before titration. For this purpose, a preliminary 
drying of the polymer was applied before titration. A conversion of all diacid functions into 
anhydride was found when samples were placed in a vacuum oven at lOODC over a period of 
48h. However, there is a drawback, which is some degradation of the grafted polyolefin 
occurred due to the long time at a relative high temperature. Indeed, samples were difficult to 
dissolve in toluene after drying. Therefore, attempts to find an acid-base titration method 
able to give the same results whatever the form of the anhydride function of the grafted 
material were undertaken. 
To begin with, studies on model compounds were carried out by using the Lubrizol analytical 
procedure which is the determination of acid numbers by titration with sodium methoxide 
(see Appendix 1). Model compounds of anhydride-functionalised polyolefins were titrated 
and their stoichiometries were checked. 
Titrimetric measurements have been undertaken for different model compounds for the 
anhydride functionalised polyolefins. 
~ Maleic anhydride. 
~ Succinic anhydride. 
~ Succinic acid. 
~ 2-Dodecenylsuccinic anhydride (DSAn). 
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The titrating agent was 0.114N sodium methoxide solution in methanoVtoluene (113 v/v). 
Sodium methoxide solution was standardized against a solution of benzoic acid in toluene. 
The indicator was thymol blue (0.1 % w/w in methanol). 
In this study, it was found that anhydride functions of the model compounds showed a 1 to 1 
stoichiometry towards NaOCH3, while the acid function showed a 2 to 1 stoichiometry 
towards NaOCH3. (See Table 11). 
The same studies were undertaken using TBAOH as the titrating agent and BTB as the 
indicator (1% w/w in methanol) following the same procedure to the one proposed by 
Sclavons et al. 38. It was found that the anhydride functions and the corresponding acid form 
reacted with the same stoichiometry balance towards TBAOH, whatever its form. 
Therefore, the use of an organic base such as TBAOH and BTB as an indicator avoids the 
previously noted drawback, which is the form of the anhydride function of the grafted maleic 
anhydride. 
It can be concluded that whatever the case the grafted anhydride stoichiometry with TBAOH 
is one mole of base for one mole of anhydride. The procedure used in this study was as 
follows. 
Ig of purified grafted polyolefins were accurately weighed and dissolved in 150ml of toluene 
at boiling temperature. Polyolefins were fully soluble and did not precipitate during titration. 
TBAOH (O.lN) was added, just after the indicator (five drops of 1 % (w/w) BTB in 
methanol). The titration was stopped at the visual end point when the colour change was 
stable (yellow to blue). A blank was determined in the same manner for 150ml oftoluene. 
%MA = (V - Vo )xNx98xl 00 
WxlOOO 
Equation 53 
v, Vo are, respectively, the volume titrated on the grafted material and the volume titrated on 
the blank in ml. N is the concentration of TBAOH. W is the sample weight of the analysed 
material. 98 is the molecular weight of the maleic anhydride. 
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Table 11 Titrimetric stoichiometric results for different model compounds of anhydride functionalised polyolefins as a function of titrating agent 
and indicator 
Using O.114N NaOCH3, TB (*) Using O.lN TBAOH, BTB(*) 
Model Introduced Amount Introduced Amount Chemical structure 
compounds Solvent amount titrated Stoichiometry Solvent amount titrated Stoichiometry 
(mol) (mol) (mol) (mol) 
Maleic 1.17xlO-
3 1.14xlO-3 1 
o~o Toluene Toluene 1.174xlO-3 1.175xlO-3 1 anhydride 1.03xlO-3 9.405xlO-3 I 
1.25x1O-3 1.23xlO-3 1 
Succinic o~o 1.066xlO-3 1.055xlO-3 Toluene Toluene 1 anhydride 1.096xlO-3 1.055xlO-3 1 
Toluene Not soluble x Toluene Not soluble x 
Succinic OH HO 
0 0 
1. 1 87xlO-3 2.206x 1 0-3 2 8.08xlO-4 8.05xlO-4 1 
acid Acetone Acetone 
~ 9.05xlO-4 1.76xlO-3 2 8.55xlO-4 8.45xlO-4 1 
0 
0 
1.85xlO-3 1. 80x 10-3 1.899xlO-3 1. 885x 10-3 DSan 0 CH Toluene 1 Toluene 1 
~ 
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(*) The procedure used for titrated model compounds was as follows. 
A few milligrams of the model compounds were accurately weighed and dissolved in 100ml 
of toluene. Titrated solution (eitheir NaOCH3 or TBAOH) was added, just after the indicator, 
from a burette. The titration was stopped at the visual end point when the colour change was 
stable (yellow to blue). A blank was determined in the same manner on 100ml of toluene. In 
the case of succinic acid, the solvent used was acetone since succinic acid is not soluble in 
toluene. 
3.1.3.4 Gel content 
Polymer chain branchinglcrosslinking was determined by a solvent extraction technique. 
Potentially cross-linked materials were placed in pre-weighed 100 mesh stainless steel 
baskets and immersed in refluxing toluene. The samples were allowed to dissolve for 24h, 
after which time they were removed from the toluene solvent and immediately placed in a 
vacuum oven at 11 ooe. After a 24h period, the samples were removed from an oven, allowed 
to cool and then weighed. 
. Wxl00 Gel fractIOn (%wt) = ---
Wo 
Equation 54 
Wand Wo are, respectively, the weight of the dried sample after extraction and the weight of 
the sample before extraction. 
A study was undertaken to find the appropriate time of immersion of the mesh basket plus 
sample in toluene and was found that 24h immersion in toluene was enough to dissolve all 
the soluble fraction of the polyolefin. (See Appendix 2). 
3.1.3.5 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) was conducted on the VM-8 copolymer to 
determine its thermal behaviour (crystalline melting temperature, temperature of 
crystallisation, glass temperature). This technique was also used quantitatively to make 
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comparisons of the degree of crystallinity present after grafting, by measurement of the area 
under the curve on melting since it is proportional to the degree of crystallinity 91. Some 
grafted samples have a high amount of undissolved fraction due to crosslinking which 
decreased the level of crystallinity 43,81, 109. Therefore, DSC was run on samples having a 
high amount of gel to confirm that they have been cross-linked. 
Samples for DSC were prepared by dissolving Ig of grafted material in 100ml toluene under 
reflux over a period of Ih. The undissolved fraction was separated from soluble grafted 
polyolefin by filtration. The gel was then placed in a vacuum oven at 110°C over 8h. After 
this period, the sample was ready for analysis. 
The operation of a differential scanning calorimeter is based on measurement of the thermal 
response of an unknown specimen as compared with a standard when the two are heated 
uniformly at a constant rate. The sample is placed in one of two identical pans, each of which 
rests on a metal plate located inside the measurement head. Directly beneath the centre of 
each pan is the junction of a very sensitive differential thermocouple. Any difference in 
temperature of the two specimens is caused by differences in specific heat, heats of reaction 
or phase transitions. 
The pans are heated at the same heating rate, 10°C/min, under a nitrogen atmosphere to 
prevent oxidation of the material. The procedure steps were as follows. 
~ Instrument: TA 210 DSC 
~ Heating: temperature was ramped from room temperature to 100°C at a rate of 
10°C/min. 
~ Isothermal: temperature was hold at 100°C over a period of 1 min. 
~ Cooling: temperature was ramped from 100°C to -50°C at a rate of 10°C/min. 
~ Isothermal: temperature was hold at -50°C over a period of 1 min. 
~ Reheating: temperature was ramped from -50°C to 100°C at a rate of 10°C/min. 
A plot of heat flow versus temperature was produced. 
84 
Chapter 3: Experimental 
3.1.3.6 Gel permeation chromatography (GPC) 
a- Principle of the test method 
Gel permeation chromatography (GPC), also known as size exclusion chromatography 
(SEC), is a chromatographic method in which molecules are separated based on their 
hydrodynamic volume. This method is most widely used in the analysis of polymer 
molecular weights (or molar mass) 81, 110, Ill. 
A GPC apparatus comprises a suitable solvent, a high pressure HPLC pump, an injector, 
columns and a detector 54, 81, 110, Ill. To analyze the results from the detector, computers with 
the appropriate software are needed. 
In SEC, a column (steel cylinder typically 10 mm in diameter and 500 to 1000 mm in length) 
is filled with a semi-rigid, or rigid, porous material 54,81,110, I11 (typically silica or crosslinked 
polystyrene) and a solvent is forced through the column at rates typically of 1 mllmin and 
pressures of 50 to 200 bar). A polymer sample is dissolved in the elution solvent and injected 
onto the column. A detector monitors the concentration of the sample exiting the end of the 
column. Inside the column, molecules are separated based on their hydrodynamic volume 
(the volume the molecule occupies in a dilute solution). For polymers, this can vary greatly 
with the particular solvent and the temperature. By studying the properties of polymers in 
particular solvents and by calibrating each column setup with samples of known molecular 
weight, it is possible to get a relative distribution of molecular weights for a given polymer 
sample. Using these data, it is possible to calculate the number average molecular weight, the 
weight average molecular weight and the polydispersity, as well as higher order molecular 
weights to within a useful level of accuracy. 
Inside the column, molecules are separated by whether or not they can fit within the pores of 
the packing material 54, 81, 110, Ill. When columns are created, they are packed with porous 
beads with a specific pore size so that they are most accurate at separating molecules with 
sizes similar to the pore size. As a molecule flows through the column, it passes by a number 
of these porous beads. Small macromolecules able to diffuse into these pores are temporarily 
retained and will flow down the column more slowly. While larger macromolecules that can 
not fit into pores remain in the interstitial spaces. For this reason, in a GPC column, 
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molecules with larger size are eluted at shorter retention times, while smaller molecule are 
eluted at longer retention times. A OPC chromatogram is obtained from the detector and 
represents a distribution of molecular size. 
The effective range of the column is determined by the pore size of the packing. Any 
molecules larger than all the pores in a column will be eluted together regardless of their size. 
Likewise, any molecules that can fit into all the pores in the packing material will elute at the 
same time 81, 110, 111. 
The most common type of detector is the differential refractive index (Rl) detector 54, 81, 110. 
This detector measures all compounds in the eluent that differ in refractive index from the 
eluting solvent. Since all compounds have a refractive index, the Rl detector is sometimes 
called the "universal detector" because it has potential to detect all compounds. However, the 
main problems of using Rl detectors are low sensitivity (the difference in refractive index 
between a sample and the mobile phase might be too small to sense) and their temperature 
stability. Other common types of concentration detectors are ultraviolet (UV) and infrared 
(lR) detectors 81, 110,111. The most sensitive detector is UV detectors, IR detectors are slightly 
more sensitive than Rl detectors 110. 
The technique requires the use of standards, usually commercially available. In order to 
establish the molar mass distribution of a polymer sample, a calibration plot is prepared to 
which the unknown is compared. Commercially available standards of known molar mass 
and narrow molar mass distribution are used to construct the calibration plot of log M against 
retention time (see Figure 29). Commercially available polymer standards are polystyrene, 
poly(ethylene glycol), poly(ethylene oxide), poly(methyl methacrylate), cis-polyisopene and 
polyethylene 54, 110, 111. 
Retention volumes Vo and VO+Vi represent the separation limit for a given column. More 
precisely, they are, respectively, the interstitial volume (the total volume exclusion) and the 
total permeation volume (the sum of the total volume exclusion and the total pore volume) 
110. This retention volume domain is called the selective permeation range. Elution of an 
unknown sample at a given retention time allows the molar mass to be determined via the 
calibration plot. 
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It is important to remember that the only absolute measure in GPC is volume of the molecule 
(hydrodynamic volume), and even that measurement has a certain error built into it 54, 81, 110. 
Interactions between the solvent, packing, and/or the sample will affect the measurement as 
well as concentration due to sample-sample interactions. Calculating the molecular weight 
from this molecular size introduces even more error into the system. SEC is a useful tool for 
determining molecular weight in polymers, but it is essential that the column and 
instrumentation be carefully equilibrated and properly calibrated for the results to be trusted. 
b- Analysis 
Gel permeation chromatography was carried out on VM-8 and all grafted materials. 
~ Sample preparation 
A single solution of each sample was prepared by adding 15 ml of solvent to 15 mg of 
sample and heating at 190°C for 20 minutes, with shaking to dissolve. For samples having a 
high amount of gel, the time requested to dissolve the sample was twice the usual time (20 
minutes). The solutions were then filtered through a 2)lm metal sinter at 160°C and part of 
each filtered solution transferred to glass sample vials. The vial were then placed in a heated 
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sample compartment and after an initial delay of thirty minutes to allow the samples to 
equilibrate thermally, injection of part of the contents of each vial was carried out 
automatically. 
~ Chromatographic conditions 
Instrument: 
Columns: 
Solvent: 
Flow-rate: 
Temperature: 
Detector: 
Calibrant: 
Polymer Laboratories GPC220, 
PLgel guard plus 2 x mixed bed-B, 30 cm, 10 microns, 
1,2,4-trichlorobenzene with anti-oxidant, 
1.0 mllmin (nominal), 
160°C (nominal), 
Refractive index (& Viscotek differential pressure). 
Polystyrene 
Data capture and subsequent data handling was carried out using Viscotek 'Trisec' 3.0 
software. The chromatography of the prepared sample solutions was carried out in duplicate. 
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3.2 Free radical copolymerisation 
Table 12 Products used in the free radical copolymerisation 
Product Supplier 
a,a' -Azoisobutyronitrile 99.2% Molekula Ltd. 
Acetone (analytical reagent grade) Fisher Chemicals 
N -( anilinophenyl)methacrylamide 96% the Goodyear Tire and Rubber Company 
(Polystay) 
N -( anilinophenyl)methacrylamide 99.9% Seiko Chemical CO., Ltd. 
(APMA) 
Butyl methacrylate 99% with lOppm Sigma Aldrich Chemical Company Ltd. 
MEHQ (nBMA) 
Chloroform (analytical reagent grade, Fisher Chemicals 
stabilised by amiline) 
Chloroform-D >99.8 atom % D Apollo Scientific Ltd. 
l,4-Dioxane 99+% Aldrich Chemical Company Ltd. 
Aldrich inhibitor removers for removing Aldrich Chemical Company Ltd. 
hydroquinone and monomethyl ether 
hydroquinone 
C12-15 methacrylate Provided by Lubrizol, origin unknown 
Methanol (MeOH) (analytical reagent Fisher Chemicals 
grade) 
Nexbase 3050 Neste Oil 
Toluene (analytical reagent grade) Fisher Chemicals 
Tetrahydrofuran Fisher Chemicals 
All chemical were used as received unless otherwise stated. 
3.2.1 Free radical copolymerisation to form nBMA-APMA 
3.2.1.1 Raw materials 
Polymerisation in a solvent overcomes many of the disadvantages of bulk polymerisation 
such as the gel effect. Indeed, the solvents act as a diluent and help in the transfer of heat of 
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polymerisation. Thermal control is much better in solution polymerisation compared to bulk 
polymerisation. Additionally, the viscosity of the reaction mixture is less important. 
However, the solvent must be chosen with care. Indeed, many organic solvents act as chain 
transfer agents for free radical polymerisation, thus lowering the polymer molecular weight. 
Aromatic solvents can accept and stabilise a free radical, in effect inhibiting the 
polymerisation 48. For solution polymerisation of MMA, N,N-dimethylacetamide and 
dimethylformamide are examples of acceptable solvents. The monomers, APMA and nBMA, 
are easy soluble in 1,4-dioxane and toluene. The organic solvent used for this study was 1,4-
dioxane since its chain transfer constant is lower than toluene for MMA 62. 
The presence of 10 parts per million (ppm) of monoethyl ether hydroquinone in nBMA is 
intended to inhibit the polymerisation during transport and storage by scavenging the free 
radicals. Therefore, prior to using nBMA, the inhibitor was removed by passing the monomer 
through an activated alumina column. A 30cm glass column was filled with inhibitor 
remover to a depth of 10cm. The mono mer was loaded into an addition funnel which was 
secured above the column, then was added dropwise to the column avoiding overflow of the 
column. The purified monomer was refrigerated so that it did not undergo degradation or 
premature polymerisation. 
The comomoner was N-(anilinophenyl)methacrylamide. Two batches were used: 99.9%and 
94% pure. 
The free radical initiator that was used for all experiments was AIBN (99.2% pure) and was 
used as received. The thermal decomposition of AIBN occurs at lower temperature and 
produces two free radicals and a nitrogen molecules as a side product as shown in Figure 30 
below. 
Heat + N_N 
.. 
Figure 30 Thermal decomposition of AIBN. 
90 
Chapter 3: Experimental 
Table 13 Physical properties of the raw materials. 
Mwt Density Melting Boiling 
Raw material Name 
Physical 
(glmol) (glcm3) point point 
state (DC) (DC) 
Solvent 1,4- Dioxane Liquid 88.0 1.034 100-102 
Monomer n-Butyl methacrylate Liquid 142.2 0.896 162-165 
white 
Comonomer N-(Anilinophenyl)methacrylamide 252.3 102-108 
crystal 
White fine 
Initiator a, a' -Azoisobutyronitrile 164.21 104 
crystal 
3.2.1.2 Polymerisation 
Homopolymerization and copolymerization experiments were performed in a fume cupboard 
in, generally, a 1 litre flange flask. The flask was equipped with a lid and clip, overhead 
stirrer and paddle, a condenser, a nitrogen inlet (a submerged nitrogen needle) and a 
temperature controller. 
The mixture of solvent and monomers was stirred at 300rpm for 30 minutes with a fast 
nitrogen flow to remove oxygen before the rate was slowed and the heating mantle 
temperature was increased to 60°C. 
In the case of a low feed ratio of nBMAlAPMA, APMA was insoluble in the solvent. 
Therefore, the mixture was heated to with slow stirring and nitrogen flow to avoid oxidation 
of the started material. After the designated reaction temperature was reached (40°C), the 
mixture was further heated to 60°C, stirred at 300rpm and purged throughout the reaction 
with a fast nitrogen flow to remove oxygen. 
In both cases, the initiator was added, via a dropping funnel, into the reaction mixture after 
30 minutes of reaching the desired temperature. 
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Figure 31 Apparatus used for the preparation of copolymers and homopolymers. 
The reactants charged at the beginning of the reaction were solvent and monomers. The 
initiator was dissolved in dioxane (0.55mollL) and was then added to the monomer solution 
to start polymerisation at 60°C. Various amounts of nBMA and APMA were used to change 
the charging ratio in a systematic manner, but the total monomer weight was kept constant at 
16.6wt%. The amount of AIBN that was added to the reactions was held constant at 3wt% 
relative to the monomers. Table 14 indicates the amounts of each monomer and the amount 
of the solvent and initiator that were added to the reaction flask to produce a systematic range 
of copolymer compositions. 
Copolymerisation conversions over time were determined gravimetrically and the 
copolymers were produced at a low monomer conversion of between 10 and 20 weight 
percent. The reaction was quenched by placing the flask in an ice bath, which essentially 
stopped rapidly the decomposition of AIBN 
The product was isolated by precipitation into a ten-fold excess of cold (5°C) MeOH and the 
solid was recovered by vacuum filtration using a Buchner funnel. The polymer was dried 
under vacuum at 95°C for 24hours. Conversion was determined gravimetrically. Structural 
characterisation was by FTIR, IH-NMR and \3C-NMR spectroscopies. Molar mass 
characterisation was determined by oPC. 
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Table 14 Monomer, initiator and solvent compositions employed in the copolymerisation 
study. 
nBMA APMA nBMA APMA nBMA APMA AIBN Total Dioxane 
(wt%) (wt%) (g) (g) (mol) (mol) (g) monomer (g) 
wt (g) 
100 0 60 0 0.422 0 1.8 60 300 
90 10 54 6 0.380 0.024 1.8 60 300 
80 20 48 12 0.337 0.048 1.8 60 300 
60 40 36 24 0.253 0.095 1.8 60 300 
50 50 30 30 0.211 0.119 1.8 60 300 
20 80 12 48 0.084 0.190 1.8 60 300 
10 90 6 54 0.042 0.214 1.8 60 300 
0 100 0 60 0 0.238 1.8 60 300 
3.2.1.3 Isolation of polymers 
In order to find out if this precipitation process used was efficient, the solvent from the 
mixture obtained after precipitation and filtration of the 50/50 nBMAI APMA copolymer was 
evaporated of using a rotary evaporator (Bibby RE200) under a low vacuum at 60°C. A light 
blue grey powder was obtained which was analysed by GPC analysis and IH_ NMR 
spectroscopy. 
3.2.1.4 Polymerisation without the use of catalyst. 
Homopolymerization of nBMA and APMA were undertaken at 60°C in the absence of 
initiator in order to find out if any reaction occurred. 
3.2.2 Free radical terpolymerisation ofnBMAI CI2_ISMAlAPMA 
3.2.2.1 Raw materials 
It is believed that nBMAI APMA copolymers might be hardly soluble in base oil. Indeed, the 
base oil used in this study is a highly isoparaffinic (C20-CSO) hydrocarbon and the 
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nBMNAPMA copolymer has got a polar unit (APMA) which reduces its solubility in oil. 
Therefore, in order to increase oil solubility of the multi functional polymer, a third monomer, 
C12-15 methacrylate, was introduced to the copolymer backbone. 
The synthesized terpolymers may be used as additives for enhancing properties of lubricating 
oils. Therefore, synthesising the multifunctional polymer directly in base oil allows us to 
avoid further steps compared to the solvent (dioxane) route, which involves precipitation, 
filtration, drying and dissolution in base oil. 
3.2.2.2 Terpolymerisation 
The terpolymerization experiments were performed in a fume cupboard in, generally, a 1 litre 
flange flask. The flask was equipped with a lid and clip, overhead stirrer and paddle, a 
condenser, a nitrogen inlet (a submerged nitrogen needle) and a temperature controller. 
The mixture of solvent, monomers and initiator was stirred at 400rpm for I hour with a fast 
nitrogen flow to remove oxygen before the rate was slowed and the heating mantle 
temperature was increased to 60°C. 
All the reactants were charged at the beginning of the reaction (solvent, monomers and 
initiator). Various amounts of nBMA and CI2-15 methacrylate were used to change the 
charging ratio in a systematic manner, but the total monomer weight was kept constant at 
70wt%. The amount of AIBN that was added to the reactions was held constant at 2.2wt% 
relative to the monomers. The reaction was followed with the change of refractive index 
which was monitored at regular intervals to obtain a stable refractive index. After reaching a 
stable refractive index, a further portion of AIBN 0.8 wt% relative to the monomer was 
added and the reaction was monitored for any increase in refractive index. If no further 
change was observed, the reaction temperature was lowered to room temperature. 
Table 15 indicates the amounts of each monomer and the amount of the solvent and initiator 
that were added to the reaction flask. 
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Table 15 Monomer, initiator and solvent compositions employed in the copolymerisation 
study. 
C12-IS nBMA APMA C 12-IS nBMA APMA AIBN Total Nexbase 
MA (wt%) (wt%) MA (g) (g) (g) (g) monomer 3050 
(wt%) wt (g) (g) 
95 0 5 76 0 4 1.8 80 34.30 
85 10 5 68 8 4 1.8 80 34.30 
75 20 5 60 16 4 1.8 80 34.30 
65 30 5 52 24 4 1.8 80 34.30 
The amount of APMA incorporated in the terpolymer was low only 5wt% of the total 
monomer weight. 
3.2.3 Characterisation techniques 
3.2.3.1 FTIR spectroscopy 
FTIR spectroscopy was run on each sample using a Shimadzu 8300 series bench instrument. 
Each spectrum was collected in the transmission mode with a scan range of 4000-600 cm-I. 
Only qualitative analysis was carried out in order to give an indication of the structure. 
Samples for FTIR spectroscopy were prepared as 10g/L solutions in tetrahydrofuran. 
Background spectra were run using the solvent in a cell made of two sodium chloride plates. 
Water vapour spectra were also run and both were subtracted from the sample spectrum. The 
number of scans for each sample was typically 30 over a wave-number range of 4000 cm-I to 
600 cm-I with a resolution of 1 cm-I. 
3.2.3.2 NMR spectroscopy 
A Brucker 400MHz spectrometer was used for IH-NMR and I3C-NMR analysis of the 
polymers and monomers. Samples were prepared as 20mg.mL-1 solutions either in CDCh or 
DMSO-d6. Polymers having a high nBMAI APMA feed ratio were soluble in CDCh while 
the ones with a low nBMAlAPMA feed ratio were soluble in DMSO-d6. Samples for IH_ 
NMR determination were typically scanned 64 times between 0 values of 0 to 10 ppm. 
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Samples for 13C-NMR determination were typically scanned 64 times between () values of 0 
to 250 ppm. IH-NMR spectra were used qualitatively and quantitatively for structural 
analysis. 13C-NMR spectra were only used in a qualitative manner. 
3.2.3.3 Gel permeation chromatography (GPC) 
Gel permeation chromatography was carried out in order to determine the molecular weight 
average for the copolymer and homopolymer samples. 
A single solution of each sample was prepared by adding 10 ml of solvent to 20 mg of 
sample. The solutions were left for a minimum of 4 hours to dissolve and were then warmed 
for 20 minutes at 50°C. After cooling and thorough mixing the solutions were filtered 
through a 0.2J.1m polyamide membrane prior to chromatography. 
Chromatographic conditions were as follows. 
Instrument: 
Columns: 
Solvent: 
Flow-rate: 
Temperature: 
Detector: 
Calibrant: 
Polymer Laboratories GPC220. 
PLgel guard plus 2 x mixed bed-B, 30 cm, 1OJ.1. 
Tetrahydrofuran with anti-oxidant. 
1.0 mllmin (nominal). 
30°C (nominal). 
Refractive index (with differential pressure and light scattering). 
Polymethyl methacrylate. 
Data capture and subsequent data handling was carried out using Viscotek 'Trisec 3.0' and 
'Trisec 2000' software. The chromatography of the sample solutions was carried out in 
duplicate. 
3.2.3.4 Modulated temperature differential scanning calorimetry 
Modulated temperature differential scanning calorimetry (MTDSC) uses a modulated 
temperature profile combined with a deconvolution procedure to obtain the same information 
as conventional DSC, plus, at the same time, the response to the temperature modulation 112, 
113 
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MTDSC is a modification of DSC which allows the differentiation of overlapping transitions. 
In MTDSC, a sinusoidal modulation is overlaid on the linear heating ramp of conventional 
DSC. Depending on the underlying heating rate, the period and amplitude of modulation, the 
result is an improved resolution and sensitivity not possible in any other technique. Fourier-
transformation analysis is then used to separate the resulting raw experimental heat flow into 
the heat capacity related (reversible) and kinetic (non-reversible) heat flows. Typical 
reversing events are glass transitions and crystalline melting and examples of non-revering 
events are cold crystallisation, evaporation, thermoset cure and decomposition 112, 113. 
MTDSC allows the detection of weak transitions and melts in highly filled or crystalline 
polymers where heat capacity changes would normally be weakened by the filler and 
crystalline components which do not undergo the transition. 
The technique results in a higher resolution without loss of sensitivity. A faster heating rate 
improves sensitivity, but decreases resolution whereas a slower heating rate gives better 
resolution at the expense of sensitivity. Since MTDSC simultaneously subjects the sample to 
two heating rates, a faster sinusoidal one and a slower underlying ramp, both good resolution 
and sensitivity are possible. 
Complex transitions can be separated into simple, easily interpreted components. During 
thermoset cure, for example, relaxation of internal stresses generated during processing and 
glass transition often overlap, making it difficult to interpret the transition 113. It is not 
possible to use the method of heating past Tg and rapidly cooling to remove thermal history 
and analysing the second heat up in this case since heating will result in cure of the resin, 
changing the Tg. 
Blends of two or more polymers can be analysed by this technique which will separate 
transitions due to the different components allowing characterisation 113. 
It allows the determination of heat capacity directly at slow and even isothermal heating rates 
along with changes in heat capacity during transitions 113. 
MTDSC was run on APMA to determine its crystalline melting temperature and on the 
polymers to determine their thermal behaviour. 
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Pans are heated at the same heating rate, 3°C/min under a nitrogen atmosphere to prevent 
oxidation of the material. The procedure steps were as follows. 
~ Instrument: TA 2920 MTDSC 
~ Equilibrate at -50°C. 
~ Isothermal: temperature was held at -50°C over a period of 1 min. 
~ Modulation ±0.5°C/40s. 
~ Heating: temperature was ramped from -50°C to 250°C at a rate of 3° Cl min. 
3.2.3.5 Dynamic mechanical analysis 
a- Principle of the test method 
Dynamic mechanical analysis (DMA) measures the mechanical properties of materials while 
they are subjected to a periodic stress, usually applied sinusoidally 45, I12. DMA is a technique 
that measures the modulus (stiffness) and damping (energy dissipation) of materials as they 
are deformed under periodic stress 45, I12. Polymeric materials, which are viscoelastic in 
nature, are subject to time, frequency and temperature effects on mechanical properties which 
can be analysed by this method. Material properties which can be measured by the technique 
are as follows. 
~ Modulus 
~ Damping - Sound absorption 
~ Glass transition 
~ Softening temperature 
~ Rate of cure 
~ Degree of cure 
~ Viscosity 
~ Gelation 
~ Impact resistance 
~ Creep 
~ Stress relaxation 
This technique applies a very small sinusoidally varying strain to a test piece at a constant 
frequency whilst the temperature is increased at a constant rate and the sinusoidally varying 
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responding force (stress) is measured. From this, the stiffness of the sample can be 
determined, and the sample modulus can be calculated: the storage modulus (E',G'), the loss 
modulus (E",G"), the complex modulus (E*) and the mechanical loss factor (tan8). By 
measuring the time lag in the displacement compared to the applied force, it is possible to 
determine the damping properties of the material. 
Viscoelastic materials, such as polymers, typically exist in two distinct states. They exhibit 
the properties of a glass (high modulus) at low temperatures and those of a rubber (low 
modulus) at higher temperatures. By scanning the temperature during a DMTA experiment 
this change of state, the glass transition or alpha relaxation, can be observed. The glass 
transition temperature, Tg, is often measured by conventional DSC, but the DMA technique 
can often yield better data, and can also be used to investigate the frequency dependent 
nature of the transition. Weaker transitions due to molecular motions of side groups or 
smaller sections of polymer chains (beta transitions) in many materials can be revealed 112. 
DMA can be used to analyse a wide variety of materials in different forms. It finds 
application in Research and Development for the investigation of material structure, their 
development, selection for specific end-uses, comparative evaluations and material life-time 
predictions. 
Since samples can be tested in the form of bars, films, fibres and viscous liquid samples, the 
technique often comes close to the actual application envisaged and results, therefore, reflect 
that actual application. 
b- Theory 
If a material is subjected to a mechanical force, it may behave in a variety of ways, illustrated 
below. A brittle material will deform reversibly to a small amount and then fracture. A 
ductile material will also deform reversibly up to a certain amount and then yield and flow 
under the applied force until it begins to harden under load and then fail. Up to the elastic 
limit, the material will return to its former shape and size when the force is removed. Beyond 
this point, deformation is irreversible i.e. creep has occurred. 
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Figure 32 Typical stress - strain curves. 
cold drawing 
Strain CO) 
ductile 
failure 
strain 
hardening 
Stress C cr ) is defined as the force applied (F) per unit area (A) ie. 
F CJ=-
A 
Stress has units ofN/m2 or Pa. 
Equation 55 
The applied stress will cause a deformation measured by the strain (c) which IS the 
deformation per unit dimension. For a simple tensile experiment: 
(j,/ 
c=-
/ 
Equation 56 
where (j,/ is the change in length and / is the original length. Strain has no units and is often 
given in %, for convenience. 
For a perfectly elastic material, the sample wi ll obey Hooke 's law. 
E=CJ 
c 
E is the tensile modulus (i.e. stress/strain). 
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Other types of mechanical moduli may be defined depending on how the specimen IS 
deformed such as shear modulus (G) = shear stress/shear strain. Distortion of the sample will 
occur as the cross-sectional area of the specimen deceases as its length increases. This is 
called Poisson ' s ratio (v) and relates the tensile modulus to the shear modulus. 
G= E 
2(1 + v) 
For most materials, v is between 0.0 and 0.5. 
Equation 58 
For DMA, a low stress is applied in a sinusoidal fashion so that the sample is always within 
the elastic region of its stress-strain curve. For a perfectly elastic material the stress and strain 
are perfectly in phase. See Figure 33 below. 
time 
Figure 33 Strain/stress-time curve of a perfect elastic material. 
l':I 
C. 
--. 
Instead of deforming reversibly under load, a material may flow. The velocity of the flow (dcr 
/dt) is related to the stress by Newton's law. 
deJ 
£=7] x-
dt 
11 is the viscosity. 
Equation 59 
Under dynamic loading, the stress-strain curves are now 90° out of phase since the strain is 
proportional to the rate of change of the stress. 
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time 
Figure 34 Stress-strain curve of a perfect viscous material. 
Most polymeric materials show a combination of both types of behaviour. They react 
elastically, and flow to some extent at the same time, and are termed "viscoelastic", The 
stress and strain curves are, therefore, out of phase, as above, but by an amount less than 90°, 
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Figure 35 Relationship between stress cr and strain £ curves of a viscoelastic material during 
a dynamical mechanical test. 
DMA measures the amplitudes of the stress and strain as well as the phase angle (8) between 
them, This is used to resolve the modulus into an in-phase component - the storage modu lus 
(E') - and an out-of-phase component - the loss modulus (E"), The relationship between these 
quantities and the dynamic (or complex) modulus (E*) may be represented by an Argand 
d' 11 2 lagram , 
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Figure 36 Argand diagram to illustrate the relationship between the complex modulus and its 
components. 
A useful quantity is the damping factor or loss tangent (tan8), which is the ratio E"/E' and is 
the amount of mechanical energy dissipated as heat during the loading/unloading cycle. From 
the above discussion, it is apparent that for a perfectly elastic material tano is zero, whereas a 
perfectly viscous material tan8 is infinite. 
c. Analysis 
The easiest way to prepare samples for DMA is by compression moulding. Thin films were 
obtained by pressing a few grams of product between melinex sheets -under a load of 20 tons 
at 150°C for I minute. The load was only applied after leaving the product 3 minutes at 
150°C. DMA measurements were carried out on a Rheometric Scientific DMTA Ill. All 
copolymers and homopolymers were chacaterised at 1 Hz at a heating rate of 3°C.min-1 
across a temperature range from ambient to 180°C. Multi-frequency sweeps (O.OI-lOHz) 
were applied to the homopolymers only at a heating rate of 3°C.min-l. 
3.2.3.6 Gas chromatography-mass spectroscopy 
a- Technique 
The gas chromatography-mass spectroscopy (GC-MS) instrument represents a device that 
separates chemical mixtures (the GC component) and a very sensitive detector (the MS 
component) with a data collector (the computer component). The GC instrument is effective 
in separating compounds into their various components 114. GC-MS analysis is in wide use 
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for confirmation testing of substances. Drug testing, manufacturing quality control and 
environmental testing are some typical uses. 
In order for a compound to be analysed by GC-MS, it must be sufficiently volatile and 
thermally stable. In addition, functionalised compounds may require chemical modification 
(derivatization), prior to analysis, to eliminate undesirable adsorption effects that would 
otherwise affect the quality of the data obtained. Samples are usually ana1yzed as organic 
solutions. Consequently, materials of interest (e.g. soils, sediments, tissues etc.) need to be 
solvent extracted and the extract subjected to various 'wet chemical' techniques before 
GCIMS analysis is possible. 
The sample solution is injected into the GC inlet where it is vaporized and swept onto a 
chromatographic column by the carrier gas (usually helium). The sample flows through the 
column and the compounds comprising the mixture of interest are separated by virtue of their 
relative interaction with the coating of the column (staionary phase) and the carrier gas 
(mobile phase). The latter part ofthe column passes through a heated transfer line and ends at 
the entrance to the ion source, where compounds eluting from the column are converted to 
IOns. 
Two potential methods exist for ion production. The most frequently used method is electron 
ionisation (El) and the occasionally used alternative is chemical ionisation (Cl). For El, a 
beam of electrons ionise the sample molecules resulting in the loss of one electron. A 
molecule with one electron missing is called the molecular ion and is represented by M+· (a 
radical cation). When the resulting peak from this ion is seen in a mass spectrum, it gives the 
molecular weight of the compound. Owing to the large amount of energy imparted to the 
molecular ion it usually fragments producing further smaller ions with characteristic relative 
abundances that provide a 'fingerprint' for that molecular structure. This information may be 
then used to identify compounds of interest and help elucidate the structure of unknown 
components of the mixtures. Cl begins with the ionisation of methane (or another suitable 
gas), creating a radical which in turn will ionise the sample molecule to produce [M+Ht 
molecular ions. Cl is a less energetic way of ionising a molecule. Hence, less fragmentation 
occurs with Cl than with El, hence Cl yields less information about the detailed structure of 
the molecule, but does yield the molecular ion. Sometimes the molecular ion cannot be 
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detected using El. Hence, the two methods complement one another. Once ionised a small 
positive pulse is used to repel the ions out of the ionisation chamber. 
The next component is a mass analyser (filter), which separates the positively charged ions 
according to various mass related properties depending upon the analyser used. Several types 
of analyser exist: quadrupoles, ion traps, magnetic sector, time-of-flight, radio frequency, 
cyclotron resonance and focusing to name a few. The most common are quadrupoles and ion 
traps. After the ions are separated, they enter a detector the output from which is amplified to 
boost the signal. The detector sends information to a computer that records all of the data 
produced, converts the electrical impulses into visual displays and hard copy displays. In 
addtion, the computer also controls the operation of the mass spectrometer. 
b. Analysis 
GC- MS conditions were as follows. 
Instrument: 
Columns: 
GC 8000 series MD 800 Fison. 
DB 5MS. 
Solvent: Acetone. 
Source: Electron impact. 
Injector temperature: 250°C. 
Gas Helium. 
Samples analysed by GC-MS were N-(anilinophenyl)methacrylamide and the C12-15 
methacrylate. 
3.2.3.7 CRN elemental analysis 
Elemental analysis is a process where a sample of some material is analyzed for its elemental 
composition. The CRN analyser combusts a sample to convert elements to gases (C02, H20, 
N2, NOx). The resulting data are the weight percentages of carbon, hydrogen and nitrogen 
(CRN). 
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The conditions were combustion in pure oxygen at 925°C usmg a Perkin 
Elmer 2400 CRN analyser. 
Samples analysed were N-(anilinophenyl)methacrylamide supplied by Seiko Chemical and 
the Goodyear Tire and Rubber Company. 
3.3 Dispersancy performance 
Diesel engines produce soot as a by-product of the combustion process. The soot increases 
the viscosity of lubricants used in the diesel engines and eventually the lubricants become too 
thick to be workable 1-3. The soot, therefore, reduces the working life of the lubricants, and 
money and time are wasted in early replacement of the contaminated lubricant 1-3. The soot 
also causes wear in diesel engines, which reduces their working life. 
Use of the lubricant comprising the highly functionalized copolymer controls the soot related 
viscosity increase and allows the lubricant to meet the industry specification at unexpectedly 
low dispersant rates 1. 
The rheology of suspended particles with adsorbed polymers is important to applications 
such as automotive lubricants, where dispersant polymers are employed to inhibit the 
agglomeration of soot and other particles that form during the service life of motor oils 1-3. 
Therefore, oscillation (dynamic) rheological techniques were used to characterize the build 
up of soot structure. 
The products were tested for soot dispersancy using rotational rheology methods by Lubrizol 
115 to measure the Newtonian character of drain oils. This test used a TA AR500 rheometer 
and comprised adding a specified amount (0.5 wt % of neat polymer) of the candidate 
chemistry to a used oil sample from the end of a test drain from a Peugot XUD-ll BTE 
engine and mixed at an elevated temperature (lOO°C) for a set period of time (30 minutes). 
Peugot XUD-ll BTE engine test exhibits a relatively high degree of viscosity increase. The 
samples are subjected to oscillation with the use of a 40 mm flat plates over a temperature 
ranging from 40 to 150°C. A rotational rheometer was used to measure the viscoelasticity 
properties (storage modulus G', loss modulus G", tanD) as a function of temperature. The 
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ability of the candidate additive to reduce the buildup of associations between particles of 
soot is measured as a modulus, by a method used by Lubrizol 115. 
The calculated parameter is referred to as G'. The G' of the sample treated with the 
experimental compound is compared to the G' of the drain oil without the additive. Values of 
G' less than the one for the drain oil indicate an increasing effectiveness of soot dispersion 
115. G' is temperature dependent with structure build up occurring at 90-105°C for the more 
non-Newtonian drain oils. Indeed, the critical temperature range is between 95 and 105°C as 
this is the operating temperature that where it would be expected to reduce soot structure 
build up. The more non-Newtonian is the drain oil, the higher is the storage modulus. 
The viscometric characteristics of the oils containing dispersants were then measured and 
compared under the same conditions, with the commercial product HITEC 5777 available 
from Afton Chemical. HITEC 5777 represents the level of performance that Lubrizol would 
like to attain. 
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4 Results and Discussion 
4.1 Grafting of MA onto ethylene propylene copolymer 
4.1.1 Raw materials characterisation 
4.1.1.1 Ethylene-propylene copolymer (VM-8) 
a- FTIR spectroscopy 
A FTIR spectrum ofVM-8 is shown in Figure 37. VM-8 is an ethylene-propylene copolymer 
with 75wt% of ethylene units. Thus, the spectrum shows methyl (CH3), methylene (CH2) and 
methine (CH) groups. The higher ethylene content is indicated by the presence of more 
methylene (CH2) groups relative to methyl (CH3) groups in the final copolymer structure. 
The strong bands at 2915 cm-1 and 2847 cm-1 correspond to -CH2 asymmetric and symmetric 
stretching vibrations 11,85 of PE and PP. The methyl bands, characteristic of PP and PE (low 
density PE containing short hydrocarbon side chains terminated with methyl groups) are the 
asymmetric and symmetric C-H stretching represented by a small shoulder at higher 
wavelength than the -CH2 asymmetric and symmetric stretching vibrations (see Figure 37). 
The band at 1375 cm-1 is characteristic of the -CH3 umbrella mode of polyethylene and low 
density polypropylene. The methylene scissoring motion appears at 1464 cm-I, and the 
rocking vibration appears at 720 cm-I. The methyl asymmetric bend is overlapped by the 
methylene scissor vibrations appearing at 1464cm-1 11,85. Figure 38 shows the FTIR spectrum 
of a VM-8 thin film (Shimadzu 8300 spectrometer) 
It can be seen from the VM-8 FTIR spectrum (Figure 38) that there is a peak at ~1740 cm-1 in 
the carbonyl wave number window (1900-1650 cm-I). This shows the presence of another 
compound believed to be the antioxidant in the polymer. This latter was confirmed by the 
supplier and can not be named for confidentiality reasons. The amount of antioxidant present 
in VM-8 is 0.15wt%. 
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Figure 37 FTIR spectrum of a VM-8 thin film (Shimadzu 8300 spectrometer) . 
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Figure 38 FTIR spectrum of a VM-8 thin film (Mattson 3000 FTIR spectrometer). 
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b Gel permeation chromatography measurements 
The weight average molecular weight of VM-8 was determined by GPe (see Section 3.2.6) 
to be 44,000g.mor l . The VM-8 sample had a polydispersity of 2.0. Figure 39 shows an 
overlay of the molecular weight distributions for duplicate runs ofVM-8. 
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Figure 39 Molecular weight distribution ofVM-8. 
c- Differential scanning calorimetry 
5.00 6.00 
The thermal behaviour of VM-8 was determined by DSC (see Section 3.1.3.5). See Figures 
40 A and B. The crystallisation (Tc) and melting temperatures (Tm) of VM-8 are, 
respectively, about 20°C and 50°C. 
VM-8 is an ethylene-propylene copolymer with 75wt% of ethylene units. Its melting point is 
well below the melting temperature of PE and PP, respectively, around 120°C and 160°C 43. 
It has been pointed out that the melting temperature of PE increases with increasing density 
and varies from IIO-140oe 43,8 1, 11 6. Therefore, increasing branch content reduces the melting 
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temperature. Concerning PP, its melting point is higher than PE. However, introducing a 
comonomer, such ethylene or butene, into the PP chains decreases the chain regularity; 
which sharply decreases the crystallisation tendency 43 , 11 7, 11 8. Due to the reduction of 
stereoregularity of the initial PP, a reduction in Tm and in the rate of crystallisation are 
observed. Very low melting points are mainly observed for random copolymers 117 . VM-8 is 
termed as a "block" polymer. However, true block copolymers can not be synthesized 109, 117. 
Due to its very low melting point, VM-8 is essentially a random copolymer, but not purely 
random since crystallisation was observed. Therefore, VM-8 is blocky to some extent. This 
means that the distribution of the comomoner units vary from purely random to segments of 
block polymer and everything in between . 
The cooling curves show a broad peak and supercooling. It can be seen from Figure 40 A that 
crystallisation started about 45°C and finished well below -30°C. Crystallisation involves 
nucleation and growth from the melt 43,8 1,9 1. PE and PP have got different confom1ations in 
the crystalline zone. Therefore, they do not co-crystallise which is reflected by the presence 
of mUltiple crystal phases. Polyethylene adopts a planar zigzag conformation, whereas 
polypropylene adopts a helical conformation in the crystalline zone 43,45 . Crystallites that 
formed at high temperature are PE crystals and those formed at lower temperature belong to 
PP phases. From Figure 40 A, It can be said that the crystallisation peak of PE appears at 
lower and closer temperature than Tm whereas for PP Tc is well below Tm 11 8. This latter 
phenomenon is named supercooling. 
It can be seen from Figure 40 B that the second melting peak (from -25°C to 70°C) is broader 
than the first melting peak. As mentioned above, PE and PP do not co-crystallise. The 
melting temperature of PE is lower than PP. Therefore, the melting of PE crystals is first 
observed followed by a melting of the PP crystals. Moreover, as Tc of VM-8 is about 20°C, 
melting and recrystallisation processes are simultaneous. This phenomenon of competition 
between melting, recrystallisation and reorganisation on heating in the DSC; has been 
pointed out m the literature 11 7, 1\ 8 
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Figure 40 DSC thermograms ofVM-S. A - first heating and cooling, B - second heating. 
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4.1.1.2 Maleic anhydride 
Maleic anhydride, MA, has a molecular weight of 98.06g.mor l , a melting point range from 
51- 56°C and a density of 1.43g.cm-3. The melting point of MA was determined by MDSC 
and ranged from 52-59°C. Melting points are often used to ascertain purity and to 
characterise organic compounds. One criterion of purity is a sharp, narrow melting point 
range, which was obtained for MA. Figure 41 shows the change of total heat flow with 
temperature for MA. 
MA is soluble in water, ether, acetone, alcohol, ch loroform and toluene 11 9. The mam 
structural feature of MA is the presence of two carbonyl groups linked to each other by an 
oxygen which gives rise to two carbonyl stretching bands in FTIR analysis. Moreover, the C-
O bond gives rise to a C-O stretch 85. MA is not fully present in the anhydride form, as its 
corresponding acid form can also be present. It might contain 5wt% of maleic acid as 
mentioned in the material safety data sheet by the supplier. The group wave numbers for 
MA and its corresponding acid are reported in Table 16. 
Table 16 Group absorption wave number for MA and its corresponding acid 85, 119 
Form Vibration Wave number ran2e (cm-I) 
Symmetric C=O stretch 1860-1840 (weaker) 
Anhydride Asymmetric C=O stretch 1760-1780 (stronger) 
C-O and C-C stretches 960-880, 1300-1000 
Corresponding acid C=O stretch 1730-1700 
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Figure 41 Heat flow MDSC thermogram of MA 
4.1. 1.3 Dicumyl peroxide 
Oicumyl peroxide, DCP, is an initiator having a molecular weight of 270Ag.mor' , a melting 
point of 39°C and a density of l.Og,cm,3 . The most important parameter of an initiator is its 
half-life (see Section 2.3.3.5), The I hour half-life of DCP is 137°C 45, 62 . Half-life is function 
of temperature and DCP half-life data, estimated from decomposition kinetic data in dilute 
decane or dodecane solution, are shown in Figure 42 6. In order to ascertain its purity, MDSC 
was run on OCP. The total heat flow thermogram is shown in Figure 43 and confirms purity. 
115 
Chapter 4: Results and Discussion 
70 
60 • 
50 • U) 
-; 40 
!: 
~ 30 
III 
:::c 
20 
10 
• 
0 
170 180 190 200 210 220 230 240 250 
Temperature (0C) 
Figure 42 Half-life ofDCP in dilute solutions (decane) 6. 
DCP 
0-
-5 -
,.-., -10 -
OJ) 
--~ 
'--" 
-15 -3 
0 
~ 
~ -20 -
Q) 
:r:: 
-25 -
-30 -
-35 -
-10 0 10 20 30 40 50 60 70 
Exo up 
Temperature (cC) 
Figure 43 The total heat flow MDSC thermogram ofDep. 
As it has been mentioned in Section 2.3.3.5-b, the half-life of an initiator has to be short 
compared to the residence time. The residence time is the average time the product is 
contained inside the barrel, as it is conveyed and processed by the screw elements 6. The 
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lowest residence time has to be about 5 times the half-life of an initiator 7. In this study, the 
temperatures used were 170°C and 200°C at reaction times of 5min and l5min. At those 
temperatures, the half-lives of DCP are, respectively, about 60s and 9s. They are at least 5 
times greater than the residence time. 
4.1.2 Purification technique 
4.1.2 .1 The efficiency of the method 
Since any unreacted MA gives rise to absorption bands in the same region as the anhydride 
grafted material, the complete elimination of the unreacted MA is of great importance. To 
check the efficiency of this purification method, it was applied to a sample containing VM-8 
and unrecated MA. 
The charge of MA introduced was the highest used in the experiments, which is 9wt% of the 
VM-8 charge. Therefore, 2g of VM-8 and 0.18g of MA were dissolved in 200ml toluene 
under reflux at 1 woe for 2h. The temperature was lowered to 25 °C and the dissolved sample 
was precipitated by drop-wise addition into 600ml of cold methanol (5°C). The recovered 
polymer was filtered, washed with methanol and dried under vacuum at 1100 e for 24h. 
Characterisation was undertaken by both FTIR analysis and titration (see Sections 3.1.3.2 
and 3.1.3.3). 
Titration was only run once. The amount of MA left in the polyolefin was very low at around 
0.27wt%. This result was confirmed by FTIR analysis (see Figure 44) . However, no trace of 
MA was found in the carbonyl wave number window. Therefore, at low concentration of 
MA, the titration method is more sensitive than FTIR spectroscopy. Moreover, the 
purification technique used in this study is efficient at removing unreacted MA, which means 
that the level of grafting of MA determined by FTIR analysis and by titration can be trusted. 
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Figure 44 FTIR spectrum of the purified YM-8/MA mixture (Shimadzu spectrometer). 
4.1.2.2 A problem occurring during purification 
The presence of methanol in the purification process may convert the anhydride function into 
some ester and acid functions (see Figure 45) 120, 121. A FTIR spectntm of a purified grafted 
polymer made with a formulation of3:0.5 (wt%) of MA to DCP and processed at 170°C, 150 
rpm and 5 minutes (cmob031 w) shown in Figure 46 confinued the presence of two species: 
anhydride form and its corresponding ester-acid form. The stretching absorption at 1782 cm-I 
and the weaker absorption at 1864 cm· 1 of the carbonyl groups are indicative of anhydrides 9, 
11 , 14, 16, 18, 20,28,30, 3 1, 36, 37 . The absorption at 1735 cm-I falls in the ester region, and finally the 
peak at 1712 cm· 1 is assigned to carboxylic acid function. The acid band may also arise from 
the partial hydrolysis of the grafted material. 
R 
2J-R H, C- OH ----i .. ~° ° RT 
° 
Figure 45 Reaction of MA grafted polyolefin with methanol at room temperature 
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Figure 46 FTIR spectrum ofa purified sample made with a formulation of3:0.5 (wt%) of MA to DCP processed at 170°C, 150 rpm and 5 
minutes (cmob031 w). Thin film run using a Mattson* FTIR spectrometer. 
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4.1.3 Titration method 
4.1.3.l Mineral base 
Titration was used to quantify the anhydride content grafted onto the polyolefin. Polyolefins 
are easily soluble in aprotic solvents, but are not soluble in polar solvents 43. The main 
drawback of using a mineral base as the titrating agent is its lack of solubility in aprotic 
solvents 122. To make a mineral base soluble in an aprotic solvent, it has to be first dissolved 
into an alcoholic solvent (such as methanol or ethanol) which is miscible with toluene or 
xylene. 
Another drawback is base precipitation, which can occur during titration. Indeed, a hot 
aprotic solvent is necessary for polyolefin solubilisation. Therefore, to avoid base 
precipitation, neutralisation ofthe grafted function has to occur quickly 38. 
Another parameter which can affect the titration is the volume of the alcoholic solvent 38. 
Alcoholic solvents are used for conveying the mineral base into organic solvents 122. It is well 
known that alcoholic solvents are not suitable for solubilisation ofpolyolefins 43. Therefore, 
the volume of alcohol used should not be too large, otherwise precipitation of the polyolefin 
may occur. 
In addition, the presence of a primary alcohol converts the anhydride functions into ester and 
acid functions (see Section 4.1.2.2), but the acid groups are not esterified 88, 121. This is the 
case when an indicator solution in methanol is added or when the titration is conducted with 
a mineral base dissolved in an alcoholic solution. 
Another drawback encountered is the stoichiometric heterogeneity of the neutralisation. As 
has been explained in Section 3.1.3.3, it is more likely that the grafted material is present in 
the anhydride and in its corresponding acid forms. The grafted function quantification can, 
consequently, be distorted due to the difference in stoichiometry of both forms. 
Finally, it has been mentioned that coacervation, which is inter- and/or intra-molecular 
interactions between non-adjacent carboxylic acid groups can occur when a base with a small 
univalent metallic cation is used during titration 123. Coacervation is the separation, by 
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addition of a third component, of an aqueous solution of a macromolecule colloid (polymer) 
into two liquid phases, one of which is colloid-rich (the coacervate) and the other an aqueous 
solution ofthe coacervating agent (the equilibrium liquid). 
In Section 3.1.3.3, a description of the study undertaken on model compounds using the 
Lubrizol analytical procedure, which is the determination of acid numbers by titration with 
sodium methoxide (see Appendix 1), is given. Model compounds ofanhydride-functionalised 
polyolefins were titrated and their stoichiometries were checked. The titrating agent was 
0.114N sodium methoxide solution in methanoVtoluene (1/3 v/v). The indicator was thymol 
blue (0.1 % w/w in methanol). It was found that anhydride functions of the model compounds 
showed a 1 to 1 stoichiometry towards NaOCH3, while the acid function showed a 2 to 1 
stoichiometry towards NaOCH3 (see Table 11). 
Several attempts were made to have just one form of the grafted material (anhydride or acid 
form). Conversion of a diacid into the anhydride form required drying over a period of at 
least 48h at 110°C, which degraded the grafted product to some extent. Ring closure could 
not be obtained (Section 3.1.3 .3). 
Therefore, the Lubrizol analytical procedure can not be used in this study. 
4.1.3.2 Organic base 
The use of an organic base such tetrabutyl ammonium hydroxide (TBAOH) avoids the 
previously described drawbacks encountered when a mineral base is used as the titrating 
agent. To begin with, the presence of an alkyl group on the molecule enhances its solubility 
in organic solvents and thus minimizes the solubility problems. 
Secondly, TBAOH ions are quaternary ammonium ions with large alkyl groups. Therefore, 
they are too large to fit the available space which means that coacervation during titration 
should not occur 38. 
Finally, it has been found in this study that whatever is the form of the grafted material the 
diacid and anhydride forms gave the same stoichiometry towards TBAOH, which is one 
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mole of base to one mole of grafted material either in the anhydride or in the acid form. This 
conclusion is based on a study undertaken on model compounds described in Section 3.1.3.3. 
4.1.3.3 Reaction occurring during titration 
a- Esterification products 
To begin with, the anhydride functions of the polyolefin can react with the MeOH present in 
the indicator solution to form an ester and its corresponding acid (Figure 47). 
o~ 
o 
-toluene/methanol/BIB 
100·C 
Figure 47 Reaction I - esterification of the anhydride by methanol. 
Because of the methanolic environment, a methanolate of TBAOH (TBAOMe) may also be 
possible (Figure 48). 
N~CH' lrH' CH, toluene CH30-N~ HO + H3C- OH 
-
+ H2O ~H' ~CH' 
CH3 CH3 
Figure 48 Reaction II - methanol ate ofTBAOH. 
Then, the neutralisation of a weak acid, the acid from the ester - acid form, by a strong base 
such TBAOH (Figure 49) or TBAOMe (Figure 50) occurs. 
_ 
.-JCH' CH, 
j~ 100"C 
+ HO N~ toluene/methanol/BIB 
~CH3 R 
CH3 
Figure 49 Reaction In - neutralisation of the acid from the ester -acid form with TBAOH 
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100·C CH,~L~, 
+ N~ tolu~ne/methanol/BTB 
~CH3 R 
CH3 o 
Figure 50 Reaction IV - neutralisation of the acid from the ester -acid form with TBAOMe. 
b- Anhydride form 
Anhydride groups which did not esterify are neutralised by TBAOH to form one salt of the 
carboxylic acid and one acid group. The acid group formed can either stay in this form or can 
be esterified by methanol (Figure 51). 
IrCH' CH, 
OH N~CH'. Ho"~ - 100·C 
• N~ "'"wm."'""",, 0 H2O 
CH3 R ~CH' R 0 CH3 0 
CH3 
Figure 51 Reaction V - neutralisation of the anhydride form by TBAOH. 
The anhydride form can also be neutralised by TBAOMe, which is a strong base, to form 
directly an ester and a salt of the carboxylic acid (Figure 52). 
CH,<> ~CH' 
+ N~ to'~,"o/m'th,"oVBTB 
~CH3 R 
CH3 
o 
100·C 
Figure 52 Reaction VI - neutralisation of the anhydride form with TBAOMe. 
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c- Acid fonn 
Finally, the diacid fonns do not disturb the titrimetric stoichiometry as shown in Table 11 
Section 3.1.3.3. Esterification of the acid functions by methanol is believed not to occur 
under these conditions 38. Therefore, the change of the colour observed during titration 
appeared just at the neutralisation of the first acid function (Figure 53). 
OH 
)H' CH, 
HQ J r-/ 100·C h 
+ N~ tol~ne/methanol/BTB 
~CH3 R 
CH3 o 
Figure 53 Reaction VII - neutralisation of the diacid by TBAOH. 
4.1.3.4 The choice of indicator 
The acid-base neutralisation carried out by titration is detennined by the colour change of an 
indicator which, thus, makes visible the end-point. The choice of indicator is vital since it 
detennines the equivalence point detection 122. In this study, the titration involves a weak 
acid and a strong base. Therefore, the chosen indicator must begin to change colour close to 
the equivalence point 122. Figure 54 reports the succinic anhydride potentiometric titration 
curves as well as the colour modification zones of various indicators studied by Sclavons et 
al. 38. From this figure, it can be clearly seen that bromothymol blue, BTB, is the only 
indicator that changes colour from yellow to blue at the equivalence point corresponding to 
the consumption of one mole of succinic anhydride by one mole of TBAOH. Therefore, a 
suitable indicator is BTB when TBAOH is used as the titrating agent. 
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Figure 54 Potentiometric titration of succinic anhydride and the colour zones for the 
inidicators bromothymol blue (1, yellow; 2, blue), Phenolphthalein (3, colourless; 4, red) and 
the thymol blue (5, yellow; 6, orange; 7, blue) 38. 
4.1.3.5 Conclusions regarding the titration method 
As a conclusion to the titration study, the choice of titrating agent and indicator are vital. 
Many studies have used titration for the determination of the grafted anhydride content in 
polyolefins 9, 11,22,23,30,31,33,36,38,40,41 (also see Section 1.3.6.2). 
However, stoichiometric heterogeneity of the neutralisation can be observed when the 
anhydride form and its corresponding acid form are both present. This is the case when a 
mineral base is used. Therefore, attention should be given to the conditions used in the 
titration method. 
From this study, we can conclude that the use of TBAOH and BTB gave the same 
stoichiometry whatever the form of the grafted material (anhydride form, diacid form and 
acid form from the ester-acid form). This means that the problem encountered during 
purification which is esterification of the anhydride group by methanol is not anymore a 
concern for the determination by titration of the grafting level. 
4.1.4 Grafted products characterisation 
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The parameters investigated were temperature, reaction time, screw speed and the 
concentrations of MA and DCP. The level of variation for each parameter was two which 
leads to a matrix of 32 experiments. The recipes and experimental conditions used in each 
experiment are given in Table 17. In this study, the grafted MA contents and degradation 
clearly depend on the processing parameters. The analysis of the gel samples are first 
reported following by the products that were not degraded. 
Table 17 Processing parameters and raw material concentrations. 
Experiments Raw materials Parameters 
Experiment Product MA Peroxide Temperature Time Screw speed 
number code (wt%) (wt%) (OC) (min) (rpm) 
1 cmob008 9 2 170 15 75 
2 cmob009 9 0.5 170 15 150 
3 cmobOIO 3 0.5 200 15 150 
4 cmobOll 3 2 170 15 150 
5 cmob012 9 2 200 15 150 
6 cmob013 9 0.5 200 5 150 
7 cmob014 3 0.5 200 5 75 
8 cmob015 9 0.5 200 15 150 
9 cmob016 9 0.5 170 5 75 
10 cmob017 3 2 200 15 75 
11 cmob018 9 2 170 5 150 
12 cmob019 9 2 200 5 150 
13 cmob020 9 0.5 200 15 75 
14 cmob021 3 0.5 170 15 150 
15 cmob022 9 0.5 170 15 75 
16 cmob023 9 0.5 170 5 150 
17 cmob024 9 2 170 15 150 
18 cmob025 9 2 170 5 75 
19 cmob026 9 2 200 15 75 
20 cmob027 9 2 200 5 75 
21 cmob028 3 2 170 15 75 
22 cmob029 3 2 200 5 150 
23 cmob030 3 0.5 200 15 75 
24 cmob031 3 0.5 170 5 150 
25 cmob032 3 2 200 15 150 
26 cmob033 3 2 200 5 75 
27 cmob034 3 0.5 200 5 150 
28 cmob035 3 2 170 5 150 
29 cmob036 9 0.5 200 5 75 
30 cmob037 3 0.5 170 15 75 
31 cmob038 3 0.5 170 5 75 
32 cmob039 3 2 170 5 75 
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4.1.4.1 Samples with gel 
The chemical characterisation of the samples obtained was performed following the 
procedure presented in Section 3.1.34. See Figure 27. The modified polyolefins were 
dissolved in toluene at elevated temperature under reflux (110°C). Some polymers had a high 
amount of undissolved fraction, which were determined by the solvent extraction technique 
described in Section 3.1.3.4. Results of samples having a high amount of gel are reported in 
Table 18. 
Table 18 Gel samples content and GPC results. 
Parameters Analysis 
Screw Gel Mw Mn Product Temperature Time 
speed content (soluble (soluble PDI 
code eC) (min) fraction) fraction) (rpm) (wt%) (g.mor1) (g.mor1) 
VM-8 - - - 0 44500 44600 23800 23800 1.9 
cmobOll 170 15 150 39 -
- - - -
cmob028 170 15 75 42.5 - - - - -
cmob035 170 5 150 46.5 52100 51600 15400 15200 3.4 
cmob039 170 5 75 17.5 - - - - -
cmob017 200 15 75 31.2 69800 69800 19600 19400 3.6 
cmob032 200 15 150 12.4 - - - - -
cmob029 200 5 150 12.4 - - - - -
cmob033 200 5 75 3.1 48400 48000 20500 20400 2.4 
All samples having a high amount of gel were those prepared at a high ratio of initiator to 
monomer. The amount of gel can reach 50wt% of the polyolefin. The results obtained were 
expected since working at a high amount of initiator leads to greatly increased side reactions 
9, 14,20,21,27 (see Section 2.3.3.3). Moreover, as the polyolefin used in this study is VM-8, an 
ethylene-propylene copolymer with 75wt% of ethylene units, the side reactions that occur 
mainly are crosslinking reactions 9-11, 14, 17,27,59,74. 
To confirm the presence of branching in those samples, GPC experiments were run on three 
samples: cmob035, cmob017 and cmob033 having, respectively, a high (50wt%), a medium 
(30wt%) and a low (3wt%) amount of gel. They were then compared to VM-8. From the 
results obtained (see Table 18), it can be seen that there is no significant difference between 
VM-8 and the low gel sample. On the other hand, the medium gel sample (cmob017) and the 
high gel sample (cmob035) have higher molecular weights than VM-8, which confirms the 
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presence of branching, reflected also by an increase in the amount of undissolved polymer. 
As may be noticed, the highest molecular weight was not obtained for the high gel sample, 
but for the medium gel sample. Moreover, it can be seen from the molecular weight 
distribution reported in Figure 55 that there is a change in the broadness of the distributions 
through the group of samples. Indeed, as the amount of gel increases in the polymer the 
molecular weight distribution becomes broadens. Significant differences can be seen in the 
high molecular weight end of the distributions. 
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Figure 55 Molecular weight distribution of gel samples and VM-8 . 
It has been pointed out that the chemical composition of a polyolefin to be analysed by GPC 
should be similar to the standard used for calibration. Otherwise significant errors can occur, 
since polymers and copolymers do not behave in the same way as the standard 54, 11 0, Il l . 
Significant differences in molecular weight distribution data were observed when using 
polystyrene (PS) rather than PE as a column calibrant 81. 
Another potential source of error in the determination of the molecular weight distribution is 
the use of a single detector 81, 11 0 when the polyolefin to be analysed contains low or high 
levels of long chain branching. Indeed, polymers with chain branches have smaller 
hydrodynamic volumes than linear polymers, and therefore, elute at longer times 81, 110, I l l . 
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This effect is more pronounced for long chain branched polyolefins rather than short chain 
branched samples 81, 11 0, Ill. 
The determination of an accurate molecular weight may be accomplished either through the 
addition of molecular weight sensitive detectors to the OPC system (e.g. light scattering, 
viscometry or both) 8 1 and/or by using the same polymer for conventional column calibration 
as the polymer under investigation. 
In this study, the polyolefin to be analysed is an ethylene-propylene copolymer and the 
calibrant used was polystyrene. The above results, reported in Table 18, have been computed 
using the refractive index detector alone, which can lead also to errors 81, 11 0, Ill. 
It has been found that an increase in viscosity, and in crosslink density, of these modified 
materials is reflected by an increase in undissolved polymer 9,21,27 . Therefore, an increase of 
gel content is accompanied with an increase of molecular weight. However, the highest 
molecular weight was not obtained for the high gel sample, but for the medium gel sample. 
According to the literature 43,8 1, while comparing two highly crosslinked samples, the highest 
branched sample will have a lower viscosity and smaller hydrodynamic volume than the 
lowest branched sample, leading to a longer time elution. By assuming that cmob035 is a 
highly branched material, the previous phenomenon can explain why the highest gel content 
has got a lower molecular weight than the medium gel content. If this is the case, quantitative 
analysis of branching in polyolefins can be undertaken by NMR spectroscopy 29, 95, 124, 125 . 
Therefore, in this study, there is no direct relation between molecular weight and gel content, 
meaning that while comparing samples having gel, an increase of gel content will not 
necessarily be accompanied by an increase of molecular weight due to some sources of error 
such the calibrants used and the use of a single detector. However, any presence of gel in a 
sample increases the molecular weight of the grafted material compared to the base 
polyolefin (non-grafted). 
DSC experiments were also run on samples having a high amount of gel in order to confirm 
that they have been crosslinked (see Section 3.1.3.5). Samples with a high amount of gel due 
to crosslinking will show a decrease in the level of crystallinity, which can be quantified by 
DSC 43, 8 1, 109 . Samples having a low amount of gel, cmob029-032 and 33, could not be 
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analysed by DSC. Results obtained are reported in Table 19. Figure 56 is the DSC 
thermogram of the undissolved fraction of cmob017, (see a lso Appendix Figures L21 to 124 
for the DSC thermograms of undissolved fractions of cmobO 11 , cmob028, cmob035 and 
cmob039, respectively). 
Table 19 DSC resu lts for the gel samples 
First heating Second heating 
Samples Gel Tm Enthalpy of fusion Enthalpy of fusion (wt%) (CC) (J/g) (Jig) 
VM-8 0 49.0(*) 36.3(*) 48.3(*) 
undissolved cmob039 L 7.5 47.9 24.8 39.0 
undissolved cmob017 31.2 48.5 23.6 38.6 
undissolved cmob011 39.0 46.8 20.8 35.9 
undissoLved cmob028 42.2 47.3 23 .9 35.1 
undissolved cmob035 46.5 47.5 23 .9 35.3 
(*) Average values calculated onfour runs. 
Errors that can be produced in DSC were estimated on the VM-8 sample: four runs were 
carried out. The error on the melting temperature was about ± 0.6°C. Error on the enthalpy of 
fusion was about ± 4.0 Jig and ± 0.9J/g, respectively, for the first and second heating. 
The degree of crystallinity of a polymer is calculated using the following equation 116. 
M-l Crystallinity (%) = sample X 100 
M-ls1d 
Equation 60 
tlHsample is the heat of fusion of the sample (J.g- 1), measured from the area under the curve on 
melting, and tlHstd is the enthalpy of a 100% crystalline material. The latter is a constant. 
Therefore, the enthalpy of fusion (the normalised area under the curve on melting) of gel 
samples can be directly compared to the one for VM-8. Since the previous thermal history of 
a polymer affects the measured degree of crystallinity, these sampLes were evaluated both "as 
produced" and after being SUbjected to a common "thermal treatment" designed to impart an 
equivalent thermal history to all samples 126. This thermal treatment consisted of cooling the 
sample from 100°C to -50°C at a rate of 10°C/min . The information from the first heating 
cycle reflects the thennal history of the previous processing of the polymers, such as 
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orienting or annealing, so the information should be used with caution. For this work, the 
enthalpy of fusion was taken from the second heating for comparison . All gel samples have 
lower enthalpies of fusion than VM-8 during both the first and the second heating. The 
reason why polymers during the second heat have a higher crystallinity than for the first 
heating is kinetic, resulting from the ability of the polymer chains to disentangle more fully 
and line up properly in a finite period of cooling 126. Moreover, it can be seen that the level 
of crystallinity decreased with increasing gel content. At high gel contents (40wt%), the level 
of crystallinity changes very little. It has reached a plateau value. 
Finally, the level of grafting could not be determined due to extensive crosslinking. 
Therefore, no real effort was spent on the determination of the grafting levels since gel 
samples are not suitable commercially. As mentioned before, one of the objectives is to 
obtain a high grafting level without product detriment. 
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4.1.4.2 Samples without gel 
Firstly, it can be seen from the FTIR spectrum of a purified grafted sample, cmobO 12w, 
shown in Figure 57, that there are peaks in the carbonyl wave number window from 1900 to 
1650 cm-I. These peaks can be assigned to grafted anhydride, because succinic anhydride 
exhibits an intense absorption near 1780 cm-I 11 9. In a qualitative way, it can be said that 
grafting has occured. 
Secondly, the estimation of the percentage of MA grafted was carried out by FTIR 
spectroscopy analysis, as detailed in Section 3.1.3.3, for all purified samples having no gel. 
In order to check the efficiency of the purification method, FTIR analysis was also run on 
some non-purified samples. The results are reported in Table 20. 
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Table 20 Grafting level results by FTIR analysis. 
Reactants Parameters Non-purified Purified 
samples samples 
Product MA Peroxide Temperature Time Screw MA grafted MA grafted 
speed after washing 
code (wt%) (wt%) (CC) (min) (rpm) (wt%) (wt%) 
cmob008 9 2 170 15 75 2.33 1.48 
cmob024 9 2 170 15 150 0.80 
cmob018 9 2 170 5 150 0.09 1.01 
cmob025 9 2 170 5 75 0.00 
cmob012 9 2 200 15 150 2.69 2.69 
cmob026 9 2 200 15 75 0.00 
cmob019 9 2 200 5 150 LlO 0.40 
cmob027 9 2 200 5 75 0.00 
cmob009 9 0.5 170 15 150 0.65 0.00 
cmob022 9 0.5 170 15 75 0.00 
cmob016 9 0.5 170 5 75 0.78 1.06 
cmob023 9 0.5 170 5 150 0.00 
cmob013 9 0.5 200 5 150 0.36 0.00 
cmob036 9 0.5 200 5 75 0.00 
cmob015 9 0.5 200 15 150 0.44 0.00 
cmob020 9 0.5 200 15 75 0.00 
cmob021 3 0.5 170 15 150 1.38 
cmob037 3 0.5 170 15 75 0.85 
cmob031 3 0.5 170 5 150 1.68 
cmob038 3 0.5 170 5 75 1.18 
cmobOl0 3 0.5 200 15 150 2.48 0.42 
cmob030 3 0.5 200 15 75 1.05 
cmob014 3 0.5 200 5 75 1.62 1.49 
cmob034 3 0.5 200 5 150 1.00 
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As detailed in Section 3.1.3.3, this composition analysis was carried out by 
integration of the carbonyl region of the spectra from 1650 cm' ! to 1900 cm'! using 
calibration results from succinic anhydride. The purified samples can be present as 
three species: anhydride form, acid form and the ester-acid form. In this study, 
calibration results from succinic anhydride, SA, were used for all samples, whatever 
their form. Therefore, errors from FTIR analysis may easily occur since absorptivity 
does change from molecule type to molecule type and from wave-number to wave-
number 85 . The percentage error was assumed to be very low. 
The resu lts obtained by FTIR spectroscopy and titration before purification are higher 
than those obtained after purification (see Tables 20). Those results show that the 
elimination of unreacted MA is efficient and of great importance since unreacted MA 
leads to erroneous values. 
From Table 20, it can be seen that grafting occurred mainly for samples with 
fonnulation of 9:2 (wt%) and 3:0.5 (wt%) of MA to OCP. Samples formulated at 
9:0.5 (wt%) of MA to OCP showed a low level of grafting. 
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a - Samples formulated at 9:0.5 (wt%) of MA to OCP 
The grafting level of samples made with a formulation of9:0.5 (wt%) of MA to OCP 
is very low whatever the conditions applied. It is well known that the use of peroxide 
is necessary to meet the criteria of a high grafting level (see Section 1.3.5.2) 9, 11-14, 20, 
22, 23, 30, 32 . On the one hand, the results obtained can be explained by the fact that there 
are not enough free radicals in the system to initiate significant melt grafting. On the 
other hand, grafting occurred for samples formulated with a ratio of 3:0.5 (wt%) of 
MA to OCP and the grafting level was higher than obtained with a 9:0.5 (wt%) 
formulation. Therefore, the amount of peroxide is not the cause of the low grafting 
level. Moreover, this result is not associated with the processing conditions since a 
low grafting level was obtained for all samples made at 9:0.5 (wt%) of MA to OCP. 
Therefore, it is associated with the amount of MA introduced. 
According to the literature 9, 32, 33 (see Section 2.3.3.5), working at a high MA 
concentration leads to an increase in the grafting yield up to a maximum. Above this 
optimum, the grafting yield can decrease dramatically. In this study, the amount of 
MA introduced may be too high, so that a lower grafting level is obtained. This 
phenomenon is explained by the fact that with a given concentration of initiator and at 
a low ratio of MA to OCP, there are enough free radicals to combine with MA and to 
initiate polyolefin radicals. However, when the concentration of MA is high, more 
free radicals are consumed by MA homopolymerization which reduces the number of 
radicals available to induce hydrogen abstraction from the polyolefin backbone. 
Consequently, the degree of grafting of MA onto the polyolefin was low and the side 
reaction, homopolymerization, increased. As a conclusion, the formulation 9:0.5 
(wt%) of MA to OCP does not meet one of the targeted criteria, which is a high 
grafting level without product detriment. 
Figures 58 and 59 show an overlay of the molecular weight distributions for duplicate 
runs of each of the samples formulated at 9:0.5 (wt%) of MA to OCP at different 
reaction times and screw speed, respectively, at 170°C and 200°C. The results are 
summarised in Table 21 as the calculated Mn, Mw and polydisperisty (POI) value. 
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Figure 58 shows no differences between the molecular weight distribution of the 
materials formulated at 9:0.5 (wt%) MA to DCP at 170°C at different reaction times 
and screw speeds. The same results were obtained for most samples processed at the 
higher temperature (200°C) (See Figure 59). The distribution for the sample 
processed at the higher processing conditions (200°C, 15 min, 150 rpm) appears 
similar. Overall, the samples have generally similar shaped molecular weight 
distributions and polydispersity values. 
Table 21 Molar mass and polydispersity of the grafted materials formulated at 9:0.5 
(wt%) of MA to DCP 
Parameters Molar mass (g/mol) PDI 
Product Temperature Time Screw 
speed Mw MD Mw/MD 
code (OC) (min) (rpm) 
cmob009 170 15 150 43950 20650 2.1 
cmob022 170 15 75 44500 21800 2.0 
cmob016 170 5 75 43450 21850 2.0 
cmob023 170 5 150 44200 22400 2.0 
cmob013 200 5 150 43450 21350 2.0 
cmob036 200 5 75 43100 19650 2.2 
cmob015 200 15 150 44000 21050 2.1 
cmob020 200 15 75 42950 20850 2.1 
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Figure 58 Molecular weight distribution of grafted materials processed at 170°C. 
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b- Samples formulated at 9:2 and 3:0.5 (wt%) of MA to DCP 
From FTIR spectroscopy analysis results , high grafting levels can be obtained for 
samples made at 9:2 and 3 :0.5 (wt%) of MA to DCP. However, conclusions based on 
those results can not be directly made since a high percentage error can be found. It is 
well known that FTIR analysis is an accepted method for providing information on 
the grafting level 9, 13, 14, 17, 18, 20, 21 , 25 , 27-29,3 1,36,37, 39, 40 . However, in this study, the 
grafting level can be distorted by the presence of water vapour. Indeed, the group of 
interest is the carbonyl group of the succinic anhydride units. Those groups can be 
detected by FTIR analysis in the carbonyl wave number window, 1900-1650 cm-I , 
where water vapour signals may be also present 85, 127 . Composition analysis was 
carried out by integration of the carbonyl region of the spectrum from 1650 cm-I to 
1900 cm-I. Therefore, due to a low amount of grafted material (less than 2wt%), any 
presence of water vapour can significantly distort the grafting yield 127. An example 
of a FTIR spectmm of the grafted material with and without subtracted water vapour 
is shown in Figures 57 A and B. From Figure 57 B, It can be seen that the water 
vapour is very low. However, as explained before, in some samples water vapour 
could not be totally subtracted. Therefore, in order to check the FTIR data, a titration 
was carried out. 
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Remember, prior to analysing the grafted materials by FTIR spectroscopy and 
titration, samples have to be purified from any unreacted monomer. Because of the 
long purification process (48h), determination of grafting yield by titration and FTIR 
analysis was first carried out on samples having a high grafting level (quantified by 
the first results obtained by FTIR analysis reported in Table 20). Those samples, 
highlighted in yellow in Table 20, are cmob008, 012, 014 and 031. 
Different purified samples were submitted to FTIR analysis and titration. The results 
obtained are reported in Tables 22 and 23. 
To begin with, the level of grafting of cmobOl2, before and after purification, is the 
same, meaning that either the amount of unreacted mono mer left in cmobO 12 is small, 
or the washing process was not efficient or the amount of water vapour is very high. 
The titration results confirmed that the amount of MA grafted was lower than that 
estimated by FTIR analysis. 
Most of the grafting yields obtained by FTIR analysis are higher than those 
determined by titration. This is mainly due to the presence of water vapour, even after 
subtraction. Water vapour and CO2 in the air make it difficult to obtain high-precision 
data by FTIR spectroscopy. The spectrometer used was not one of the latest and the 
program used only performs subtraction operations manually and does not 
automatically compensate the effects of water vapour and CO2. Therefore, controlling 
water vapour was not precise and might lead to the influence of water vapour 
remaining after substraction. When the amount of water vapour signal left after 
subtraction is very low, the grafting yield obtained by FTIR analysis and titration are 
very close (See Table 22 purified samples cmob014, cmob03l 3rd and 4th 
measuremen ts). 
From the results obtained by titration for model compounds, illustrated in Table 24, it 
can be seen that maleic anhydride yields are very close to the introduced amount (± 
0.0055 wt% based on succinic acid titration). Therefore, in this study, titration is a 
much more acceptable method than FTIR analysis for the determination of the 
grafting level of MA onto ethylene-propylene copolymers. 
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Table 22 MA grafting yield of the fo llowing grafted materials cmob008, cmobO 12, cmobO 14 and cmob 03 1. 
MA (wt%) 
Non-purified Purified samples 
samples 1st measurement 2nd measurement 3rd measurement 4 t h measurement 
Product FTIR Titration FTlR FTIR Titration FTIR Titration FTlR Titration 
code 
cmob008 2.33 3.48 1.48 2.71 l.64 l.66 l.99 l.38 2.61 l.58 
cmob0 12 2.69 2.55 2.69 2.22 l.36 l.36 2.11 l.44 2.25 l.13 
cmob014 l.62 0.99 1.49 1.24 0.64 0.61 0.6 1 0.62 0.69 0.66 
cmob03 1 ND 1.73 1.68 2.16 1.08 l.09 l.64 l.72 l.53 l.63 
ND: not determined 
Table 23 MA content measured by titration and FTIR spectroscopy oftbe the following grafted materials cmob008, cmobOl2, cmob014 and 
cmob 031 
Titration FTIR 
Product MA* standard MA* standard 
code (wt%) average deviation (wt%) average deviation 
cmob008 l.57 0.13 2.20 0.57 
cmob012 l.32 0.l3 2.32 0.26 
cmob014 0.63 0.02 1.01 0.43 
cmob031 l.38 0.34 1.75 0.28 
* Average of four measurements 
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Table 24 Titrimetric stoichiometric results of different model compounds of anhydride functionalised polyolefins as a function of titrating agent 
and indicator. 
Using 0.114N NaOCH3, TB (*) Using 0.1 N TBAOH, BTB(*) 
Model Amount Amount Amount Amount 
Chemical structure 
compounds Solvent introduced titrated Stoichiometry Solvent introduced titrated Stoichiometry 
(mol) (mol) (mol) (mol) 
Maleic o~o 1.l 7xlO-3 Ll4x I 0-3 1 
Toluene Toluene 1.l 74xlO-3 1.175xI0-3 1 
anhydride 
1.03x lO-3 9.405x 10-3 1 
1.25x I0-3 1.23x 10-3 I 
Succinic o~o 1.066xlO-3 1.055x10-3 Toluene Toluene I anhydride 1.096x I0-3 1.055x I 0-3 I 
Toluene ot soluble x Toluene Not soluble x 
OH HO 
Succinic 
0 0 
1.1 87xlO-3 2.206x lO-3 2 8.08x lO-4 8.05x 10-4 1 
acid 
Acetone Acetone 
9.05xlO-4 1.76x lO-3 2 8.55x 10-4 8.45xlO-4 I 
0 
0 
0 CH, To luene 1.85 x 10-3 1.80x 10-3 I Toluene 1.899x IO-3 1.885x 10-3 I DSan ~ 
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The reproducibility of the results obtained by titration was checked by testing the 
purified samples three times. It has been found that the grafting yield does change for 
a given purified grafted material tested several times (see Table 20 - 2nd, 3rd and 4th 
measurements of the purified samples), the error can go up to ± 0.3 wt% by titration 
and can be associated with the purification process (see Table 22). It has been 
mentioned in Section 4.1.2 that the purification method was sufficient for removing 
unreacted MA. However, unreacted MA was not totally removed according to the 
titration result (3wt% of MA left). Consequently, results can be distorted by the 
presence of unreacted MA and can vary between different purified samples. 
Moreover, the titration of purified samples undertaken at the 4th measurement was 
carried out by using HPLC grade toluene as the organic solvent. Dissolution of the 
grafted material into this toluene was not complete. There was a tiny amount of an 
undissolved fraction. This was mainly due to the presence of water at 0.0085 wt% in 
HPLC grade toluene. Therefore, the grafting yields expected should be higher than 
those obtained. 
In addition, it has been noticed that purified samples made with a formulation 9:2 
(wt%) of MA to OCP struggled to dissolve completely in toluene and in chloroform. 
This phenomenon was not noticed during the purification process. The final step of 
the purification process is drying, which was undertaken at 110°C over a period of 
24h. Perhaps an exaggerated time and temperature may degrade samples formulated 
at 9:2 (wt%) of MA to OCP reflected by an increase of crosslinking. Moreover, the 
main drawback to working at high concentration of initiator is that the side reactions 
increase 9, 14, 20, 2 1, 27 . As the polyolefin used contains 75wt% of ethylene units, 
b h· / l'nk' d' h" . 9-11 14 17 27 59 74 Th f ranc mg cross 1 mg ommate over c am SC1SSlOn ""' . e amount 0 
undissolved fraction of such samples is very small compared to those made at 3:2 
(wt%) of MA to OCP. Gel content measurements should be undertaken to get an 
accurate value. This can be explained by the fact that at higher concentration of MA, 
the grafting reaction may dominate over degradation 14, 30. As mentioned before, one 
of the main objectives was to obtain a high amount of grafting without product 
detriment (at least 1 wt% of MA grafted into the polymer backbone). Therefore, 
samples made at 9:2 (wt%) of MA to OCP do not meet this criteria, even if a high 
levels of grafting were obtained. 
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Finally, the only samples that can be commercially interesting are those made at 3:0.5 
(wt%) of MA to DCP. From Table 22, the best sample obtained so far is cmob031 
with a level of grafting above 1 wt%, where the conditions applied were 170°C, 5 
minutes residence time and 150rpm. Further investigation on the grafting level of 
materials formulated at 3:0.5 (wt%) of MA to DCP was undertaken by FTIR analysis 
and titration, in order to check if the grafting yield of cmob031 was the highest one 
and to see the effect of processing conditions on the grafting yield for a given 
concentration of MA and DCP. 
Figures 60 and 61 show an overlay of the molecular weight distributions for duplicate 
runs of each of the samples formulated at 9:2 (wt%) of MA to DCP at different 
reaction times and screw speeds, respectively at 170°C and 200°C. The results are 
summarised in Table 25 as the calculated Mn, Mw and PDI values. 
Figure 60 shows a slight narrowing of the molecular weight distribution between the 
molecular weight distribution of the materials formulated at 9:2 (wt%) of MA to DCP 
at 170°C at different reaction times and screw speeds. The molecular weight 
distribution is broader at higher reaction time. Between samples processed at low 
reaction time (5 minutes), the screw speed has no effect on the molecular weight 
distribution . For samples processed at 15 minutes, it can clearly be seen that the 
higher the screw speed the broader is the molecular weight distribution. 
Different results were obtained for samples processed at higher temperature, 200°C, 
(See Figure 61). Most samples have similar molecular weight distributions . However, 
the distribution for the samples processed at the highest condition parameters (200°C, 
15 minutes, 150 rpm) appears broader. Overall, the samples have generally similar 
shaped molecular weight distributions and polydispersity values. 
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Table 25 Molar mass and polydispersity of the grafted materials formulated at 9:2 
(wt%) of MA to DCP. 
Parameters Molar mass (g/mol) PDI 
P roduct Temperature T ime Screw 
speed Mw MD Mw/MD 
code (oC) (miD) (rpml 
cmob008 170 15 150 42850 17200 2.5 
cmob024 170 15 75 44400 20100 2.2 
cmob018 170 5 150 43700 21200 2.l 
cmob025 170 5 75 43800 21650 2.0 
cmob012 200 15 150 42150 17700 2.4 
cmob026 200 15 75 44050 19900 2.2 
cmob019 200 5 150 44250 20150 2.2 
cmob027 200 5 75 44650 20100 2.2 
Figures 62 and 63 show an overlay of the molecular weight distributions for duplicate 
runs of each of the samples formulated at 3:0.5 (wt%) of MA to DCP at different 
reaction times and screw speeds, respectively at 170°C and 200°C. The results are 
summarised in Table 25 as the calculated Mn, Mw and PDI values. 
Figure 62 shows a narrowmg of the molecular weight distribution between the 
molecular weight distribution of the materials formulated at 3:0.5 (wt%) of MA to 
DCP at 170°C at different reaction times and screw speed. The molecular weight 
distribution was broader at longer reaction times. Between samples processed at low 
reaction time (5 minutes), the screw speed has no effect on the molecular weight 
distribution. For samples processed at 15 minutes, it can clearly be seen that the 
higher the screw speed the broader is the molecular weight distribution. 
Different results were obtained for samples processed at the highest temperature, 
200°C, (See Figure 63). There appears to be marginal differences between the 
distributions for the grafted materials formu lated at 0.5 (wt%) of MA to DCP at 
170°C at different reaction times and screw speeds. Overall, the samples have 
generally similar shaped molecular weight distributions and polydispersity values, 
except for the sample processed at 150rpm, 15 minutes and 170°C, which shows a 
higher Mw, a lower Mn and a higher PDI than all the other samples. 
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Table 26 Molar mass and polydispersity of the grafted materials formulated at 3 :0.5 
(wt%) of MA to DCP. 
Processing parameters Molar mass (g/mol) PDI 
Product Temperature Time Screw 
speed Mw Mn Mw/Mn 
code (QC) (min) (rpm) 
cmob021 170 15 150 50300 18200 2.8 
cmob037 170 15 75 45550 21850 2.1 
cmob03l 170 5 150 43950 20400 2.2 
cmob038 170 5 75 44400 21250 2.1 
cmobOl0 200 15 150 42100 19000 2.2 
cmob030 200 15 75 44650 21550 2.1 
cmob014 200 5 75 44400 21050 2.1 
cmob034 200 5 150 44300 20000 2.2 
c- Reduced matrix of samples 
From the preliminary investigations, it was found that sample cmob03l had a high 
level of grafting. This sample, formulated at 3:0.5 (wt%) of MA to DCP, was made 
under the following conditions: t 70°C, 5 minutes and 150 rpm. 
To ensure that the optimum conditions were those used to make cmob03l (highest 
level of grafting without product detriment) more investigations were undertaken on 
samples formulated at 3:0.5 (wt%) of MA to DCP. The level of grafting was 
detennined, as before, by chemical titration and FTIR spectroscopy analysis was also 
carried out to check the titration data, unless the water vapour signals were too high. 
The results are reported in Table 26. 
These samples were analysed only once due to the long purification process (48h) and 
to the large amount of solvent required (for 2g of sample to be purified, 200ml of 
toluene and 800ml of methanol was needed). 
It can be seen from Table 27 that results obtained by FTIR spectroscopy are slightly 
higher than those obtained by titration. This is mainly due to water vapour that could 
not be entirely removed. Moreover, sample cmob03l, which was one of the best 
samples offering a high grafting level without product detriment, is not any more the 
optimum. From Table 22, it can be seen that the level of grafting estimated by 
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titration for sample cmob031 , before and after purification, is for most of the time 
similar. Considering the error induced by the purification process (±0.3wt%) and 
from titration (± 0.006wt%), the percentage of MA present in this sample is about 
1.38 ±0.3 wt%. 
Table 27 MA grafting yield for the samples formulated at 3:0.5 (wt%) of MA to 
OCP. 
Processing parameters MA (wt%) 
Screw 
Non-purified Purified samples 
Product Temperature Time samples 
speed 
code (OC) (min) (rpm) FTIR Titration FTIR Titration 
cmob021 170 15 150 NO ND 1.6 L 1.32 
cmob037 170 15 75 NO ND 0.80 0.80 
cmob031 170 5 150 NO 1.73 1.47 1.11 
cmob038 170 5 75 ND ND 0 0.57 
cmobOl0 200 15 150 2.48 ND 1.34 1.04 
cmob030 200 15 75 NO ND l.16 0.54 
cmob014 200 5 75 1.62 0.99 0.91 0.49 
cmob034 200 5 150 NO ND 1.06 0.87 
ND: not determined. 
The effect of processing conditions on the grafting yield for a given concentration of 
MA and OCP were also analysed. The results are reported in Tables 28 to 30. 
From Table 28, it can be seen that, under the same conditions of temperature and 
screw speed, samples made at IS minutes have a higher MA grafting yield than those 
made at 5 minutes. 
Table 28 Effect of residence time. 
Processing Parameters Residence time (minute) 15 5 
Temperature Screw Product MA (wt%)- MA (wt%)- Product 
speed (OC) (rpm) code Titration Titration code 
170 150 cmob021 1.32 1.11 cmob031 
170 75 cmob037 0.80 0.57 cmob038 
200 150 cmobOl0 1.04 0.87 cmob034 
200 75 cmob030 0.54 0.49 cmob014 
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From Table 29, it can be seen that, under the same conditions of temperature and 
residence time, samples made at 150 rpm have a higher MA grafting yield than those 
made at 75 rpm. 
Table 29 Effect of screw speed. 
Parameters Screw speed (rpm) 150 75 
Temperature Time Product MA (wt%)- MA (wt %)- Product 
(QC) (min) code Titration Titration code 
170 15 cmob02 1 1.32 0.80 cmob037 
170 5 cmob031 1.11 0.57 cmob038 
200 15 cmobO l 0 1.04 0.54 cmob030 
200 5 cmob034 0.87 0.49 cmob014 
From Table 30, it can be seen that, under the same conditions of screw speed and 
residence time, samples made at 170°C have a higher MA grafting yield than those 
made at 200°C. 
Table 30 Effect of temperature. 
Parameters 
Temperature (QC) 
170 200 
Time Screw Product Purified Purified Product 
(min) speed code samples samples code (rpm) 
15 150 cmob02 1 1.32 1.04 cmobOl 0 
15 75 cmob037 0.80 0.54 cmob030 
5 75 cmob038 0.57 0.49 cmob014 
5 150 cmob031 1.11 0.87 cmob034 
Optimum conditions found via this reduced matrix of samples were 170°C, 15 
minutes and 150rpm. The level of grafted MA can reach around 1.3 wt%. 
In order to check the batch-to-batch variation, three grafted materials were made 
under the optimum conditions. The levels of grafting were detennined by chemical 
titration and they were 1.36, 1.25 and 1.42 ±0.3wt%, respectively. 
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4.1.4.3 Large scale production 
These optimum processing conditions were applied to a large-scale production. About 
2kg of grafted VM-8, prepared using a twin-screw extruder, operating under the 
optimum Haake conditions (3wt% of MA, 0.5wt% of DCP, l70DC, 150 rpm and 
15min), were prepared and analysed. The conditions applied to make the grafted 
material using the twin screw extruder were 170DC, 50 rpm and 34.8g/min as the feed 
rate. The residence time was 5minutes. The sample, coded cmob043, was analysed 
three times and the grafting level was less than 1 wt%. (They were, respectively, 0.83, 
0.91 and 0.76 ±0.3wt% by chemical titration). This result was expected since the 
residence time was three times lower than the optimum time. Therefore, sample 
cmob043 was put back through the extruder in order to increase the residence time. 
Cmob043 was cut in small pieces and was added manually into the extruder at a feed 
rate of 16g/min. The conditions applied were 170DC, 50 rpm and 3minutes. The total 
residence time was, therefore, 8min. The sample obtained, coded cmob049, was also 
analysed three times and the level of grafting was close to 1 wt%. They were, 
respectively, 1.02, 0.91 and 1.03 ±0.3wt% by chemical titration. 1.5kg of cmob049 
was given to Lubrizol for further analysis and experimentation (See Section 3.1.2 for 
more details) . 
The degree of grafting in the twin-screw extruder was lower than in the batch internal 
mixer. This can be explained by the fact that the optimum time (15 minutes) could not 
be reached in the twin-screw extruder. An increase in the residence time leads to an 
increase the grafting yield. Indeed, at a residence time of 5 minutes, the grafting level 
was about 0.8wt% and it was about I wt% for a residence time of 8 minutes. 
Therefore, more time was required to get a high grafting yield. However, by 
companng the grafting level of a sample made under similar conditions using 
different reactors (internal mixer and screw extruder), a better grafting yield was 
obtained for the sample made in the internal batch mixer (cmob031) than in the twin-
screw extruder (cmob043). This phenomenon has been pointed out in the literature 20, 
where it was explained by the fact that the mixing chamber in internal batch mixers is 
not perfectly sealed, whereas in the extruder it is perfectly sealed and pressurized. 
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Indeed, polyolefins contain antioxidants as stabilizers which can react with 
macroradicals during the grafting process to prevent the grafting reaction of the 
mono mer with the polyolefin. However, as the internal mixer is open to air, oxygen 
present in air may inhibit the side reactions such as the reaction of antioxidant with 
radicals. Therefore, a better grafting yield was obtained when the reaction is carried 
out in the internal batch mixer due to the presence of oxygen. 
Figure 64 shows an overlay of the molecular weight distributions for duplicate runs of 
each of the samples formulated with 3:0.5 (wt%) of MA to DCP at 50rpm, 170°C and 
different reaction times in twin-screw extruder. The results are summarised in Table 
31 as the calculated Mn, Mw and PDI values. 
From Figure 64, there is no obvious difference in the molecular weight distribution 
between the samples processed for 5 minutes and the one processed for 8 minutes. 
However, the calculated Mw values show the presence of a somewhat higher 
molecular weight material in the sample made at 8 minutes, which can be attributed 
to errors. 
Molecular Weio-ht Distribution 1.25 r--------"~~=-"~~'---'c...:......:~~~""'-"'-""-"""-""""-'='~~~--___, 
1.00 
,-... 
~ 0.75 
of) 
C 
3: 0.50 
0.25 
3wt% of MA, O.5wt% ofDCP, 170"C, 50 rpm, 5 min 
3wt% of MA, O.5wt% ofDCP, 170·C, 50 rpm, 8 min 
0.00 .I-------_~~---~-----~----==~--__l 
_.00 3.00 4.00 
Log f 
5.00 6.00 
Figure 64 Molecular weight distribution of grafted materials (3wt% MA, 0.5wt% 
DCP) processed at 170°C in the twin-screw extruder. 
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Table 31 Molar mass and polydispersity of the grafted materials formulated at 3:0.5 
(wt%) of MA to DCP in the twin-screw extruder. 
Processing parameters Molar mass (g/mol) 
Product Temperature Time Screw 
speed Mw Mn 
code (CC) (min) (rpm) 
Cmob043 170 5 50 43900 21300 170 5 50 43000 20800 
Cmob049 170 8 50 45100 21300 
170 8 50 45000 21500 
4.2 Free radical copolymerisation of alkyl methacrylate and N -( 4-
anilinophenyl)methacrylamide 
4.2 .1 Raw material characterisation 
4.2.1.1 N-( 4-Anilinophenyl)methacrylamide 
PDI 
Mw/MD 
2.1 
2.1 
2.1 
2.1 
It was essential to establish that the monomer was pure prior to using it. The purity 
was checked by studying physical properties (elemental composition and melting 
point) and spectral properties (GC-MS, NMR and FTIR spectroscopies). These 
techniques were previously discussed briefly in Section 3.2.3 . The chemical formula 
of N-(4-anilinophenyl)inethacrylamide (APMA) is C'6H '6N20 and its molecular 
weight is 252g/mol. Its structural formu la is shown in Figure 65 below. 
Figure 65 Structural formula of APMA 
a- GC-MS spectroscopy 
GC-MS spectroscopy allows the identification of different substances within a test 
sample. The GC-MS result obtained for APMA showed the presence of only one 
compound. The molecular weight of the substance detected was 252g/mol and was 
obtained from the molecular ion in the mass spectrum. The GC-MS spectrum of 
APMA and the integrated MS of the GC fraction are shown in Figures 66 and 67, 
respectively. 
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Figure 66 GC-MS spectrum of APMA. 
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Figure 67 Integrated MS spectra of GC fraction. 
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b- Elemental analysis 
Combustion microanalysis provides the elemental composition of a compound. The 
data obtained for APMA were 76.12%C, 6.46%H and 11.21 %N. These data and the 
molecular weight of the compound can be used to determine its purity and its 
molecular formula. They are, respectively, 99.9% and C16H16N20. 
c- Modulated differential scanning calorimetry 
The melting point of APMA was determined by modulated differential scanning 
calorimetry (MDSC) and was about 110°C. Melting points are often used to ascertain 
the purity of organic compounds. One criterion of purity is a sharp, narrow melting 
point range, which was obtained for APMA. The change of total heat flow with 
temperature is shown in Figure 68. 
APMA 
0 
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-4 
'""' 
-6 ~ 
-8 ~ 
0 
~ 
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Q) 
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-14 -
-16 I 
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Exoup Temperature (0C) 
Figure 68 Thermogram of APMA. 
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d- FTIR spectroscopy 
FTIR spectroscopy was used for quantitative analysis of APMA. By using the IR 
spectrum, chemical bonds and the molecular structure of APMA can be identified. A 
FTIR spectrum is shown in Figure 69 and the group wave numbers for APMA are 
reported in Table 32. All the chemical bands obtained are characteristics of APMA. 
Table 32 Group wave number absorption for APMA by FTIR spectroscopy 
Wave number range Groups l$) 
(cm-I) 
3400- 3500 N-H stretching 
3000 - 3100 Aromatic C-H stretching 
2850- 2900 Alkene C=C-H stretching 
1640 - 1700 C=O stretching amide 
1550 - 1600 N-Hbending 
1400 - 1520 Aromatic rings 
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Figure 69 FTIR absorbance spectrum of APMA. 
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e- NMR spectroscopy 
NMR spectroscopy was also used for APMA characterisation as described in Section 
3.2.3.2. IH NMR, \3C NMR and DEPT were accomplished for functional group 
analysis. Two-dimensionallH - \3C and IH - IH COSY experiments were also used in 
order to determine the connectivity in APMA (See Figures 72 and 73). This allows 
the determination of which protons are directly bonded with which carbons and 
protons, repectively. A IH NMR of APMA spectrum is shown in Figure 70. The 
chemical shifts are reported in Table 33. \3C NMR and DEPT spectra are shown in 
Figure 71. It has been found that the structure determined by NMR spectroscopy is 
the structure of APMA. 
Table 33 IH NMR chemical shifts for APMA. 
Code Chemical shift Multiplicity 
(*) (ppm) 
HI 5.4,5.8 Singlet 
H2 9.6 Singlet 
H3 7.53 Doublet 
~ 7.02 Multiplet 
Hs 8.0 Singlet 
H6 7.02 Multiplet 
H7 7.21 Multiplet 
Hs 6.77 Triplet 
H9 2.0 Singlet 
* Also see Figure 70. 
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Figure 70 1 H NMR spectrum of APMA. 
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Figure 71 13C NMR and DEPT spectra of APMA. 
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Figure 72 Two-dimensional proton-proton COSY spectrum of APMA. 
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Figure 73 Two-dimensional proton-carbon COSY spectrum of APMA. 
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All the analysis performed showed that APMA is 99.9wt% pure with a molecular 
weight of 252g/mol, a melting point ranging from 102 to 114°C and a density of 
0.75g.cm-3. Therefore, the APMA can be used as received. 
4.2.1.2 n-Butyl methacrylate 
n-Butyl methcrylate (nBMA) has a molecular weight of 142.2g/mol, a boiling point 
of 163°C and a density of 0.89g.cm-3. The main feature of nBMA is the presence of 
two different unsaturated centres situated in a conjugated position. The group wave 
numbers obtained by FTIR spectroscopy are reported in Table 34. IH NMR chemical 
shifts for nBMA are reported in Table 35 and the spectrum is shown in Figure 74. 
Table 34 Group wave number absorption for nBMA by FTIR spectroscopy 85. 
Wave number range Groups Vibrations 
(cm-I) 
2800 - 3000 CH2andCH3 C-H stretching 
1700 - 1800 C=O ester stretching 
1400 - 1500 CH2andCH3 C-H deformations 
1370 - 1390 CH3 CH3 symmetrical deformations 
710-750 CH2 CH2rocking 
Table 35 I H NMR chemical shifts for nBMA *. 
Code Chemical shift Multiplicity 
(*) (pp m) 
HI 5.47,6.02 Singlet 
H2 4.07 Triplet 
H3 1.57 Multiplet 
~ 1.33 Multiplet 
H5 0.87 Triplet 
H6 1.87 Doublet of doublet 
* Also see Figure 74 
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Figure 74 IH NMR spectrum ofnBMA 
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4.2.1.3 AIBN 
AIBN is an initiator having a molecular weight of 164.2g1mol and a melting point of 
104°C. The most important parameter of an initiator is its half-life. The 10 hour half-
life of AIBN is at 65°C 42. AlBN belongs to the family of azo initiators. AlBN was 
used in our study since it produces linear chains which provide better control of 
polymerisation 42. Also, it does not form oxygenated or hydrogenated residues, and, 
therefore, produces photo-stable polymers 42. Finally, AIBN is widely use for the 
polymerisation of acrylic monomers 42, 50. Various initiators are used at different 
temperatures depending on their rate of decomposition 48. AIBN is commonly used at 
temperatures ranging from 50°C to 700 e 48. 
4.2.2 Free radical copolymerisation 
Homopolymerisations of nBMA and APMA could not be achieved thermally without 
using an initiator. Homopolymerisations were carried out in dioxane without using an 
initiator over a period of 4 hours and 30 minutes at 60°C. No polymers were 
recovered after the precipitation of the solution mixtures into cold methanol. 
Therefore, the use of an initiator was necessary to meet the criteria of high molecular 
weight polymers, which is in our case above 70,000 glmol. 
A series of nBMAlAPMA copolymers was prepared as described in Section 3.2.1.2 
(See Table 36) 
The reaction scheme for the copolymerisation of nBMA and APMA, using AIBN as 
the free radical initiator, at 60°C is shown in Figure 75 . 
AIBN,60C 
Dioxane .. o ~NH 
~N)V 0 
Figure 75 Reaction scheme for the copolymerisation ofnBMAiAPMA. 
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Table 36 Amounts of monomers, initiator and solvent employed m the 
copolymerisation. 
nBMA APMA nBMA APMA nBMA APMA AIBN Total Dioxane 
(wt%) (wt%) (g) (g) (mol) (mol) (g) monomer 
wt (g) 
100 0 60 0 0.422 0 1.8 60 
90 10 54 6 0.380 0.024 1.8 60 
80 20 48 12 0.337 0.048 1.8 60 
60 40 36 24 0.253 0.095 1.8 60 
50 50 30 30 0.211 0.119 1.8 60 
20 80 12 48 0.084 0.190 1.8 60 
10 90 6 54 0.042 0.214 1.8 60 
0 100 0 60 0 0.238 1.8 60 
4.2.2.1 Conversion and molar mass of the copolymers and homopolymers 
The conversion of the copolymers and homopolymers was monitored by a series of 
experiments at different reaction times and was determined gravimetrically. The 
samples obtained were then analysed by GPC. 
The effect of range of monomer mixtures on conversion is presented in Figures 76 
and 77 for the homopolymers and copolymers. It can be seen that copolymer systems 
show a common pattern of curves with an increase of conversion, at equal reaction 
time, as the weight fraction of APMA in the monomer mixtures was increased. 
Indeed, full conversion for copolymers having a low nBMAI APMA feed ratio was 
obtained in 90 minutes. This suggests that the polymer yield was much influenced by 
the methacrylamide substituent. In general, the copolymers have higher conversions 
than their parent homopolymers. Only the 90/10 nBMAlAPMA copolymer has a 
lower conversion than P(APMA), but is still higher than P(nBMA) when the reaction 
time was above 50 minutes. The lowest conversion was obtained for P(nBMA), 
which reached ~70wt% at the end of the reaction (4.5h). 
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Figure 76 The effect of monomer mixture composition on conversion m the 
copolymerisation of nBMAI APMA. 
In order to satisfy the differential copolymerisation equation, the required conversion 
of the polymers has to be lower than 20wt% 105 . Figure 77 is a magnification of 
Figure 76 at low reaction times « 3000 secondes) . It can be seen that the 
polymerisation need to be stopped at a reaction time of 25 minutes. 
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Figure 77 The effect of monomer mixture composItion on conversIOn m the 
copolymerisation of nBMAI APMA at low reaction time. 
In order to evaluate the kinetics of copolymerisation, the conversIOn data were 
analysed by use of Equation 14, allowing In[MJo/[MJ( versus time to be plotted in 
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Figure78. To do so, an assumption was made, which is that the volume change that 
occurs during copolymerisation is low at low conversion. Figure 78 neglected the 
data above 2500 seconds. The data showed curving straight lines for all samples up to 
20 minutes, indicating that the system follows first order kinetics with respect to the 
monomers. Above 20 minutes, copolymers 50/50, 20/80 and 10/90 nBMAI APMA do 
not show a linear behaviour anymore. There might be "a lack time" which correspond 
to the time requested for the polymerisation to get started. 
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Figure 78 Pseudo first order kinetic plots for nBMA/ APMA copolymerisation ID 
dioxane at 60°C using AIBN as initiator. 
The molar mass of these copolymers is critical to performance when they are used as 
viscosity modifiers 2, 3. Suitable weight average molecular weight is about 
70,000g/mol. With the aim of synthesising methacrylate copolymers with Mwt above 
70,000g/mol, monomer concentration variations were investigated. The data are 
presented graphically in Figures 79 and 80. 
A high average molecular weight polymer was obtained for all copolymers with an 
average molecular weight above 50,000g/mol. All copolymers have higher weight 
average molecular weight than their parent homopolymers which were around 
70,000g/mol and 50,000 g/mol for P(nBMA) and P(APMA), respectively. 
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Another feature is that the average molecular weight is relatively unchanged during 
polymerisation provided there is no influence from the gel effect 45,48 (Session 2.2.8). 
This latter occurs only for homopolymers and copolymers having a high feed ratio of 
nBMAI APMA. Indeed, it can be seen that copolymer systems show a common 
pattern of curves with an increase of the weight average molecular weight, at equal 
reaction times, when the weight fraction of APMA in the monomer mixtures is above 
50wt%. From the molecular weight distributions of the 50/50 wt% copolymers at 
different reaction times (see Figure 82), it can be seen that there is an increase in the 
high molecular weight tail. Therefore, an increase in weight average molecular 
weight was observed. However, the number average molecular weight shows little 
variation with conversion for these copolymers. In general, there is a slight increase 
of Mn up to a maximum located at 45 to 90 minutes reaction time followed by a 
slight decrease. 
The polydispersity (Mw/Mn) of nBMN APMA polymers in Figure 81 increases 
gradually from 1.7 to 2.0 with conversion and reaction time for most of the 
copolymers. When the initial feed ratio of APMA was above 50wt%, the POI of 
copolymers was greater than 2.0 and was even greater (above 4.0) at full conversion. 
The increase in POI was mainly due to the presence of high molecular weight species 
in the distribution which boost the weight average molecular weight, and, therefore, 
the POI. From kinetic theories, the POI lies between 1.5 in the case of termination by 
disproportionation, and 2 in the case of termination by combination 13 1. As the 
concentration of monomers and initiator are changed with the ongoing 
copolymerisation, the molar mass distribution is always higher than 1.5 and is 
typically in the range of 2 to 10. The POI of these copolymer systems are close to 2, 
which suggests a strong tendency for the copolymer to terminate by 
disproportionation as is observed in the case of polymethyl methacrylate itself 128. 
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Figure 79 The weight average molecular weight of the nBMAlAPMA copolymers as 
a function of reaction time. 
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Figure 80 The number average molecular weight of the nBMAI APMA copolymers 
as a function of reaction time. 
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Figure 81 The polydispersity of the nBMAI AP AM copolymers. 
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Figure 82 Molecular weight distributions for the 50/50 wt% copolymers at different 
reaction times. 
4.1 .1.1 Efficiency of the precipitation process 
The residues from the evaporation of the solvent mixtures obtained after precipitation 
and filtration for the 50/50 nBMAlAPMA copolymers at different reaction times were 
analysed by 'H NMR spectroscopy and GPC analysis. 
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The GPC analysis showed no traces of a polymeric compound. Indeed, there was a 
minimal RI detector response appearing at very low molecular weight. Figure 83 
compares the molecular weight of some residue samples to that of the 50/50 
copolymer obtained in 10 minutes. 
The 'H NMR spectra also showed no trace of polymeric compounds (See Figure 84). 
The main compound in the residue was APMA. There is no evidence of the presence 
of nBMA by NMR spectroscopy. This might be due to nBMA evaporation in the 
rotary evaporator under vacuum. 
It can be said that the precipitation process used in this study to recover the polymer 
is very efficient. 
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Figure 83 Molecular weight distribution of some purification residues and the 50/50 
wt% copolymer obtained in 10 minutes. 
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Figure 84 'H NMR spectrum of the residue obtained from the 50/50 copolymer at 90 minutes reaction time. 
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4.2.2.2 Structural properties 
a- FTIR analysis 
A FTIR spectrum of the copolymer 50/50 nBMA/APMA is shown in Figure 85. The 
copolymer contains butyl methacrylate units and aromatic methacrylamide units . 
Thus, it consists of methyl, methylene, nitrogen, carbonyl and aromatic groups. The 
strong bands at 2960 cm-I and 2925 cm-I correspond to CH3 asymmetric and 
symmetric stretching vibrations. The bands at 2925 cm-I and 2845 cm-I are due to 
CH2 asymmetric and symmetric stretching, respectively. The stretching absorption at 
3475 cm-I and 3285 cm-I are due to N-H stretching from the amide and amine groups, 
respectively. The weak C-H stretching at 3025 cm-I is due to aromatic groups. The 
strong absorption at 1710 cm-I and weak absorption at 1675 cm-I are indicative of 
carbonyl groups, respectively, from the ester and amide functions. Further bands 
appearing at 1600 cm-I and 151 0 cm- I are characteristic of the aromatic rings. 
b- 1 H NMR analysis 
IH NMR spectroscopy was accomplished for the copolymers and homopolymers as 
described in Section 3.2.3 .2. The 1 H NMR spectra for poly(nBMA-co-APMA) are 
shown in Figure 86. The resonance signals from 6.8ppm to 7.6ppm are aromatic 
protons. The signal at 3.9ppm corresponds to the methyleneoxy protons of the nBMA 
units. The other signals ranging from 0.7ppm to 2.1ppm are due to the methyl, 
methylene and methine protons of the monomeric nBMA units . Thus, the presence of 
the two repeat units in the polymers was confirmed. 
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Figure 85 FTIR spectra of the following polymers: 0/100, 60/40, 80/20 and 100/0 wt% nBMAlAPMA copolymers. 
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Figure 86 'H NMR spectrum ofa nBMAlAPMA copolymer. 
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4.2.2.3 Copolymers compositions 
nBMAI APMA copolymers were prepared by varying the initial mole fraction of the 
comonomers as described in Section 3.2.1.2. The compositions of the monomer units 
in the copolymers were determined from the assignment of distinct and well separated 
resonance peaks in the ) H NMR spectra. Thus, the mole fraction of APMA in the 
copolymer was determined from the ratio of the integrated values of the intensities of 
aromatic protons of APMA and methyleneoxy protons of the nBMA units. 
Let m) be the mole fraction of nBMA and m2 = I-m) that of the APMA unit. There 
are 9 aromatic protons and 2 methyleneoxy protons. 
c = Integrated intensities of aromatic protons (lA) = 9 m 2 
Integrated intensities of methyleneaxy protons (IM) 
On simplification: 
9 
m =---
I 2C+ 9 
Q0""o 
" NH ) 
Y 
Aromatic protons 
Figure 87 nBMN APMA copolymer structure. 
Equation 61 
Equation 62 
All conversions were kept below 20wt% for reliable kinetic analysis. The final 
compositions for the series of nBMAlAPMA copolymers are illustrated in Table 37 . 
Figure 88 plots nBMN APMA copolymer compositions against the comonomer feed 
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compositions. Very good straight lines were obtained which suggest that the 
reactivity ratio of nBMA and APMA is equal to one (rl ;::: 1 and r2;::: 1) 45-48 . 
Table 37 Fractional molar feed ratios, copolymer compositions and rates of 
polymerisation. 
Fractional molar Fractional molar 
Rate of 
composition in composition in Fractional 
Sample 
feed copolymer conversion 
polymerisation 
(mol.dm-3.s-1) 
nBMA APMA nBMA APMA 
Cmob091 1.00 0.00 1.00 0.00 0.15 1.2x 1 0-4 
Cmob084 0.94 0.06 0.97 0.03 0.14 1.1xlO-4 
Cmob085 0.88 0.12 0.88 0.12 0.15 1.1x10-4 
Cmob086 0.73 0.27 0.74 0.26 0.15 9.7x 10-5 
Cmob087 0.64 0.36 0.67 0.33 0.14 8.6xlO-5 
Cmob095 0.50 0.50 0.54 0.46 0.18 1.0xlO-4 
Cmob088 0.31 0.69 0.28 0.72 0.17 8.3xlO-5 
Cmob089 0.16 0.84 0.12 0.88 0.16 7.2x 10-5 
Cmob092 0.00 1.00 0.00 1.00 0.15 6.4x 10-5 
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Figure 88 Copolymer composition versus monomer feed plots for the nBMAf APMA 
copolymers. 
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Table 37 also reports the rate of polymerization (Rp) which was calculated from the 
conversion obtained in 25 minutes. It can clearly be seen that Rp is dependent to the 
concentration of the monomers in copolymers. See Figure 89. 
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Figure 89 The effect of mono mer composition on the initia l reaction rate (Rp) in the 
polymerisation of nBMA and APMA in dioxane solution . 
4.2.2.4 The reactivity ratios 
The reactivity ratios were estimated using the Fineman-Ross 99, 100 and Kelen-Tiidos 
46,4810 1-1 04 linear regression methods . These methods are outlined in Section 2.4.2. 
The experimental data obtained for the nBMAI APMA copolymers (Tab le 36) were 
used to obtain the mono mer reactivity rati os for nBMA and APMA. All the data used 
for the calculation are reported in Table 38. 
The results obtained from the Fineman-Ross method are plotted in Figures 90 and 91 . 
A plot of G versus F produced a straight line with slope rl and intercept r2. In 
addition, G/F versus lIF produced also a "curving straight line" with slope -r2 and the 
intercept rl. 
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Table 38 Copolymer data and results from calculations using the Fineman-Ross and Kelen-Tlidos methods to determine rl and r2 for the nBMAI 
APMA copolymers. 
Copolymer mole 
Feed mole fraction fraction 
nBMA APMA nBMA APMA a=1 a=1 .2 
M1 M2 m1 m2 x Y F G G/F 1/F cr ~ cr' ~' 
0.94 0.06 0.93 0.07 15.67 13.29 18.47 14.49 0.78 0.05 0.74 0.95 0.74 0.94 
0.88 0.12 0.88 0.12 7.33 7.33 7.33 6.33 0.86 0.14 0.76 0.88 0.74 0.86 
0.73 0.27 0.74 0.26 2.70 2.85 2.57 1.75 0.68 0.39 0.49 0.72 0.46 0.68 
0.63 0.36 0.67 0.33 1.75 2.03 1.51 0.89 0.59 0.66 0.35 0.60 0.33 0.55 
0.50 0.50 0.54 0.46 1.00 1.17 0.86 0.14 0.1 7 1.17 0.08 0.46 0.07 0.41 
0.31 0.69 0.28 0.72 0.45 0.39 0.52 -0.71 -1 .36 1.93 -0.46 0.34 -0.41 0.30 
0.16 0.84 0.12 0.88 0.19 0.14 0.27 -1 .21 -4.53 3.76 -0.95 0.21 -0.81 0.18 
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Figure 90 G vs F plot for the nBMAI APMA copolymers. 
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Figure 91 G/F vs I /F plot for the nBMN APMA copolymers. 
The results obtained from Kelen-TUdos method are plotted in Figures 92 and 93. The 
values of a= 1 and a = ~F min X Fm •• = ~0.27 x 18.47 = 1.22 were used (see Section 
2.4.2.2). A plot of (J against I:, produced a straight line which was extrapolated to 1:,=0 
to give - r2/a and 1:,= 1 to yield rl (both as intercepts) . 
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Figure 92 Kelen-Tlidos plot (a=l) for the nBMAlAPMA copolymers. 
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Figure 93 Kelen-Tildos plot (a= 1.2) for the nBMAI APMA copolymers. 
The values for r, and r2 from both methods are collected in Table 39. The data for 
both methods for the estimation of monomer reactivity ratios show that little or no 
preference for either monomer is shown by the polymer radicals. Indeed, r, ::::: r2::::: 1 and 
the copolymerisation is " ideal", since the r,r2 product is unity. Therefore, the 
copolymerisation is entirely random. Moreover, plotting mole fraction of nBMA and 
APMA in the feed versus the mole fraction of nBMA and APMA in the copolymer 
confirms that r, ::::: l and r2::::: 1, since straight lines were obtained 45-48 (see Figure 88). 
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Table 39 Monomer reactivity ratios for the nBMAI APMA copolymers. 
Method f) (nBMA) fz(APMA) f)f2 
Fineman-Ross (G vs F) 0.84 0.70 0.59 
Fineman-Ross (G/F vs lIF) 1.30 1.47 1.92 
Kelen-Tild6s (a=1) 1.05 1.19 1.25 
Kelen-Tild6s (a=1.2) 1.03 0.86 0.89 
In order to find an explanation for the behaviour of APMA in cop01ymerization 
towards nBMA, the Q and e values of each pair of monomers were determined by the 
A1frey- Price method 46, 48, 57, 105 using the reactivity ratios obtained experimentally by 
the Kelen-Tild6s method. Knowledge of rnBMArAPMA allows the determination of the Q 
and e values of APMA from Equations 47 to 49 as the Q-e values of nBMA are 
known 62 . The values are reported in Table 40 below. Ideal copolymerisation occurs 
as the two monomers have similar Q-e values. 
Table 40 Q-e values of monomers 
Monomer fnBMArAPMA Q e 
nBMA 
1.00 
0.82 0.28 
APMA 1.07 0.28 
4.2.2.5 Polymer properties 
a- GPC analysis 
The GPC system was calibrated with PMMA calibrants and the results were, 
therefore, expressed as for PMMA. The results are summarised in Table 41 as the 
calculated Mn, Mw, PDI values and the average degree of polymerisation (DPn). 
Figures 95 and 96 show overlays for the computed molecular weight distributions for 
duplicate runs. The plots are all normalised with respect to area, the y-axis being a 
function of weight fraction. These results have been determined using a refractive 
index detector alone. 
The samples have generally similar shaped molecular weight distributions and 
polydispersities. However, it can be seen that the presence of a high molecular weight 
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tail to some molecular weight distributions mcreases Mw and the apparent 
polydispersity. Samples cmob084 (90110 wt% nBMAlAPMA) and cmob085 (80/20 
wt% nBMAI APMA) have similar molecular weight distributions. However, this 
appears to be a small progressive decrease in molecular weight from cmob085 (80/20 
wt% nBMAI APMA) to cmob89 (10190 wt% nBMAI APMA) as the APMA content 
Illcreases. 
There were also differential pressure and light scattering detectors on line and these 
are more sensitive to high molecular weight material. Part of the differential pressure 
chromatograms are shown in Figure 97. Note that this figure is reversed with respect 
to the molecular weight distributions shown in Figures 95 and 96. High molecular 
weight material elutes earlier and is shown on the left of the differential pressure 
chromatogram, but to the right of the molecular weight distribution. 
The presence of high molecular weight material is more noticeable and significant in 
the differential pressure chromatograms for sample cmob088 (20/80 wt% 
nBMAI APMA) and cmob089 (10190 wt% nBMAI APMA). 
The lowest average Mw and Mn values were obtained for the homopolymers. 
P(APMA) has significantly the lowest molecular weight. However again, a high 
molecular weight tail to the distribution boosts the calculated weight average 
molecular weight. As mentioned before, the calibrant used was PMMA, which might 
not be suitable for polymers having high amounts of APMA. APMA has an amide 
aromatic functional group in the side chain instead of the methoxy unit present in 
MMA. Moreover, the APMA structural molar mass unit is 252g/mol while the nBMA 
unit is 142.2g/mol. Therefore, the refractive index detector signal of APMA might be 
different to the one of MMA reflecting by a change of the RI constants. In this case, 
the chromatograms are not reliable when the amount of APMA in the polymer is 
large (above 50wt%). Therefore, for samples having a high APMA repeat unit content 
another calibrant should be used, one closer to the structure of APMA. Moreover, the 
refractive index detector is a concentration sensitive detector that simply measures the 
difference in refractive index between the eluent in the reference side and the sample 
+ eluent in the sample side. However, in some cases, the difference in RI for the 
sample and eluent is very small, resulting in a poor signal. In that case, another eluent 
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needs to be found that will dissolve the polymer and will provide a significant RI 
signal. Finally, the por values of copolymer systems are close to 2, which suggest a 
strong tendency for the copolymer to terminate by disproportionation. 
As a conclusion, the ope system available may not be a so good technique for use in 
a comparative manner. However, it can be said that suitable high molecular weight 
copolymers (above 70,000g/mol) have been obtained. Therefore, they can potentially 
be used commercially as a dispersant viscosity modifier. 
Table 41 Molar mass and polydispersity of the copolymers and homopolymers. 
Fractional molar Copolymer 
Sample composition in molar mass PDI DPn 
code copolymer (g/mol) 
nBMA APMA Mw Mn Mw/Mn Mn/Mo 
Cmob091 1.00 0.00 103000 59650 1.73 419 
Cmob084 0.97 0.03 118000 64800 1.82 445 
Cmob085 0.88 0.12 118500 64550 1.84 415 
Cmob086 0.74 0.26 117000 63550 1.84 372 
Cmob087 0.67 0.33 110500 61350 1.80 344 
Cmob095 0.54 0.46 96390 55183 1.75 500 
Cmob088 0.28 0.72 107000 58800 1.82 266 
Cmob089 0.12 0.88 106500 54200 1.96 227 
Cmob092 0.00 1.00 74350 37950 1.96 157 
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Figure 94 Average weight and umber molecular weightsof the copolymers and 
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b- DSC analysis 
Methacrylamide and methacry late polymers are amorphous and maybe characterised 
by their glass temperature transition, Tg. 
The glass transition temperature of copolymers and homopolymers were determined 
by MTDSC and the data are reported in Table 42 . Figure 98 shows the dCp/dT 
thermograms obtained for the different copolymer samples, as well as for the 
P(nBMA) and P(APMA) homopolymers. 
The pure P(nBMA) shows a single glass transition temperature at about 37°C in the 
total heat flow thermogram. In the literature 62, the Tg of polybutyl methacrylate 
ranges between 20°C and 55°C. The MTDSC heat flow thermogram of P(APMA) 
shows the presence of two endothermic peaks. It is well-known that amorphous 
polymers such as P(MMA) have different types of molecular motions inducing the 
presence of different re laxations: a and p ect 45 , 129 . The a relaxation is strongly 
related to the glass transition, while the p relaxation is due to the local motions within 
a polymer chain 129 . MTDSC is sensitive enough to detect weak transitions (see 
Section 3.2.3.4.). Therefore, it can be said that the peak observed at about 158°C 
corresponds to the a relaxation related to the glass transition of P(APMA). The 
second peak about 75°C corresponds to a p relaxation possibly induced by the motion 
of side groups. 
MTDSC has the ability to monitor complex transitions or weak transitions as it 
directly measures heat capacity. As a result of the glass transition, the physical 
properties of the polymer experience reversible transition. MTDSC separates the total 
heat flow to the sample (which is recorded by regular DSC) into two components: 
reversing and non-reversing heat flows . The reversing heat flow represents thermal 
transitions that are reversible by heating and cooling cycles. Examples of reversing 
transitions include melting, boiling and the glass transition. Conversely, non-
reversing heat flow represents thermal transitions that are irreversible, such as heat 
generation from a chemical reaction, hydrogen bonding.Figure 98 dCp/dT 
thermograms of the copolymer and homopolymer samples (shifted vertically for 
clarity) 
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Figure 99 Total heat flow, heat capacity and dCp/dT versus temperature plots for P(APMA). 
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Figure 99 shows the change of total heat flow, heat capacity and dCp/dT with 
temperature for P(APMA). The dCp/dT signal is a very useful tool to determine Tg 
values since the position and shape are less affected by thermal history and 
experimental conditions. For further understanding of the nature of the transitions, the 
reversing signals of heat capacity versus temperature for the P(APMA) are also 
presented (see Figure 100). The non-reversing specific heat flow signals versus 
temperature are shown in Figure 100, giving a clearer picture of the transitions 
compared with the reversing signals. 
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Figure 100 The total , reversing and non-reversing specific heat flow signals versus 
temperature for P(APMA). 
It can be seen from the reversing signal that there is only one clear step change 
transition centred at 157°C, and there is a slight step change at lower temperature 
centred at 60°C. These results illustrate that the step-change at 157 C is evidence of 
the glass transition. However, the non-revering specific heat flow signals reveal a 
thermal event located at 50- 80 C. P(APMA) has an amide functional group which 
could induce the formation of strong hydrogen bonds. Hydrogen bonding is a non-
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reversible process which can sometimes be seen by MDTSC as a weak transition. 
Consequently, it is concluded that the transition at low temperature might be due to 
hydrogen bonding. Figure 99, showing the differential of specific heat capacity 
signal, dCp/dT versus temperature for P(APMA), shows two transitions similar to the 
total heat flow signal. It can also be noted that Tg obtained by the dCp/dT signal is 
slightly lower than the one of the total heat flow. 
Table 42 Glass transition and P relaxation temperatures for the copolymers and 
homopolymers. 
Fractional molar 
composition in Heat flow signal 
Derivative Cp signal 
Sample polymer 
temperature dCp/dT 
nBMA APMA 
Tg P relaxation Tg p relaxation 
eC) (OC) eC) (OC) 
Cmob091 1.00 0.00 37 37 
Cmob084 0.97 0.03 65 26 41 20 
Cmob085 0.88 0.12 66 49 73 51 
Cmob086 0.74 0.26 108 30 95 
Cmob087 0.67 0.33 112 62 106 
Cmob095 0.54 0.46 127 68 127 
Cmob088 0.28 0.72 146 63 146 
Cmob089 0.12 0.88 164 67 161 
Cmob092 0.00 1.00 158 75 156 33 
From the total heat flow signal, the copolymers show two processes: a and P 
relaxations. However, only one transition is seen in the dCp/dT corresponding to the 
Tg. From the reactivity ratios, it has been found that the copolymerisation is random 
which has been confirmed by MTDSC since the values of the copolymers Tg lie 
between those of the homopolymers 43 . Moreover, a single Tg is shown for all 
copolymers, thus indicating the absence of the formation of the mixture 
homopolymers or the formation of a block copolymer. Therefore, the formation of 
homogeneous random copolymers is confirmed. MDSC results in Figure 99 show that 
the dCp/dT versus temperature transition for P(APMA) is broad. A broad transition 
region is most likely due to the presence of compositional polydispersity. 
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The results also clearly indicate that Tg values of the copolymers depend on 
comonomer composition and decrease with decreasing APMA content. The increase 
in the Tg of copolymers with increase of APMA content in the chain is due to the 
increase in aromatic amide functional groups. Indeed, it is well known that factors 
affecting Tg are chain flexibility, molecular structure (steric effect), molar mass, 
branching and crosslinking 43, 45, 46, 129. The main chain carbon of P(APMA) and 
P(nBMA) is the same. The only difference between the chemical structures of 
P(APMA) and P(nBMA) is that the methoxylene groups of P(nBMA) are replaced by 
amino groups in P(APMA). P(APMA) has an amide functional group (CONHR) in 
the side chain instead of the COOCH2R unit present in PMMA. The NH group can 
interact with other functional groups, such as ethers, esters and acrylate through 
hydrogen bonding. Therefore, hydrogen bonding will exist in nBMA! APMA 
copolymers between the carbonyl groups of nBMA units and the amide groups of 
APMA units. This can result in a significant increase in the glass transition 
temperatures because of the formation of strong hydrogen bonds in P(APMA) which 
cause a reduction of chain mobility 43, 45, 46. Indeed, it has been found that 
polymethacrylamide shows a glass transition at about 251 QC 130. P(APMA) has a 
lower Tg than polymethacrylamide which is about 160°e. 
In general, the presence of bulky pendant groups attached to polymer backbones 
raises Tg through steric hindrance to bond rotation 43, 45, 46. However, attaching 
aromatic units to the amide functional group reduce dramatically the Tg. Indeed, 
poly(N-phenyl methacrylamide) has a Tg at about 147°C 131. This might be due to the 
fact that the aromatic groups are further away from the backbone, so, therefore, have 
less effect in case of bond rotation. Moreover, the presence of an aromatic group 
attached to the amide function might minimise its hydrogen bonding due to resonance 
resulting in a lowering of the Tg. Attaching another aromatic amine function to the 
side groups of poly(N-phenyl methacrylamide) increases slightly the Tg by 100e. 
This is due to the addition of a polar group that can fonn hydrogen bonding which, 
therefore, tends to encourage a higher Tg. However, having an aromatic group 
minimises the effect of hydrogen bonding by resonance. Overall, adding more 
aromatic amine functions to side groups has little effect on the Tg. Structures and 
glass transition temperatures of some methacrylate and methacrylamide 
homopolymers are reported in Figure 101. 
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Figure 101 Structures and glass transition temperatures of the following methacrylate homopolymers P(nBMA), PMMA and the following 
methacrylamide homopolymers P(PMA), P(APMA) and polymethacrylamide 43, 45, 46, 130, 131. 
PMMA P(PMA) P(APMA) polymethacrylamide 
Tg = 105°C 
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The Fox equation 45 , 48 IS frequently used for predicting the glass transition 
temperature of random copolymers. This equation assumes that Tg depends only on 
the relative amounts of each repeat unit and the Tgs of the respective pure 
homopolymers according to the following expression. 
1 W, w 2 
-=--+--
Tg Tg , Tg 2 
Equation 63 
WI and W2 are the weight fractions of nBMA and APMA, respectively, in the 
copolymers, and the Tg1 and Tg2 are their glass transition temperatures, respectively. 
The comparison of the relationship with the experimental results is also reported in 
Figure 102. It can be seen that the actual Tgs are slighter higher than the ones 
predicted. 
196 
Chapter 4: Results and Discussion 
c- Dynamic mechanical thermal analysis 
To confirm further that two transitions a and ~ , occurred, attempts were made to analyse the 
samples by DMT A. However, samples were too brittle and could not be used for this 
analysis. 
4.2.3 Terpolymerisation of a long chain alkyl methacrylate, nBMA and APMA 
4.2.3.1 Long chain alkyl methacrylate 
The purity of the C I2-IS methacrylate was checked by studying its spectral properties, GC-MS 
and NMR spectroscopy. These techniques were previously discussed briefly in Section 3.2.3. 
The C I2-IS methacrylate has a mixture of C12, C13, C I4 and C IS alkyl side chains. Their 
chemical formulae are C1 6H3002, C 17H320 2, CI sH3402 and C1 9H3S0 2, respectively, and their 
molecular weights are 254, 268, 282 and 296 g/mol, respectively. C I2-IS methacrylate was 
prepared from Neodol 25 , a Shell mixture of synthetic CI2-IS alcohols prepared by the 
hydroformylation process 132 . The material safety data sheet (MSDS) of Neodol 25 132 
showed the composition ratio to be 21 :29:26:26% in the C I2 to CIS series of largely linear 
alcohols. 
a- GC-MS spectroscopy 
The GC-MS results obtained for C I2-I S methacrylate confirmed the presence of four distinct 
compounds. The molecular weights of the substances detected are reported in Table 43 and 
were obtained from the molecular ions in the mass spectrum. They correspond to the 
molecular weights of the CI2-IS methacrylate series . The composition was determined by 
using the area of the peaks 114. It can be seen that the composition of alkyl methacrylate is 
close to the one given for Neodol 25. Figure 103 shows the GC-MS spectrum obtained for 
alkyl methacrylate, while Figures 104 to 107 are the integrated MS spectra of the GC 
fractions. 
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Figure 103 GC-MS spectrum of the alkyl methacrylate 
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Figure 104 Integrated MS spectra of GC fraction obtained at 17.402 minutes, 
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Figure 105 Integrated MS spectra of GC fraction obtained at 18.525 minutes . 
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Figure 106 Integrated MS spectra of GC fraction obtained at 19.538 minutes. 
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Figure 107 Integrated MS spectra of GC fraction obtained at 20.474 minutes, 
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Table 43 GC-MS data of the C 12-15 methacrylate. 
Retention time Mw Composition 
Compound Peak area 
(min) (g/mol) (wt %) 
1 17 254 1784459376 25.7 
2 18 268 2125717276 30.5 
3 19 282 1933141776 27.8 
4 20 296 1115464448 16.0 
b- NMR spectroscopy 
NMR spectroscopy was used to analyse C I2- IS methacrylate as has been described in Section 
3.3.3.2. A IH NMR spectrum of C 12- 15 methacrylate is shown in Figure 108. The chemical 
shifts are reported in Table 44. There are 7 distinct peaks and by magnyfing each peak it can 
be seen that there are multiplets. The vinyl proton peaks at 5.5ppm and 6.1 ppm show the 
presence of five overlaids peaks, which, therefore, confirm the presence of a mixture of alkyl 
methacrylates. 
Table 44 IH NMR chemical shifts for the CI2-IS alkyl methacrylate. 
Code Chemical shift range Multiplicity 
(ppm) 
HI 5.40 - 5.7,6.0 - 6.20 Multiplet 
H2 3.8 - 4.4 Multiplet 
H3 1.50 - 1.80 Multiplet 
~ 1.85 - 2.00 Multiplet 
Hs 0.60 - 1.05 Multiplet 
H6 1.85 - 2.05 Multiplet 
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Figure 108 IH NMR spectrum of the C12- 15 alkyl methacrylate. 
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4.2.3.2 Nexbase 3050 
Nexbase 3050 is a lubricating oil comprised of hydrogenated, highly isoparaffinic (C20-C50) 
hydrocarbons. Nexbase 3050 conforms to the Association of European Automobile 
Manufacturers (ACEA: Association des Constructeurs Europeens d' Automobiles) Group III 
and it is suitable for use in formulating high quality multi-gade motor oil. Base oil is used in 
this study as a solvent for free radical polymerisation. Indeed, the synthesized polymers 
would be used as additives for enhancing properties to the lubricating oil. Therefore, 
synthesising the multi functional polymer directly in base oil allows future manufacturers to 
avoid further steps compared to the solvent based route where precipitation, filtration , drying 
and dissolution in base oil are needed. As indicated before, solvents may act as chain transfer 
agents, although their activity is usually low resulting in reducing the average molecular 
weight of the polymer produced 45, 48 (see Section 2.2.6). Nexbase 3050 is comprised of 
alkanes, and, therefore, it should have no effect on the polymerisation. 
The IH NMR spectrum of Nexbase 3050 only shows the presence of aliphatic protons (See 
Figure 109). The chemical shifts of the protons appear between 0.9 and 1.9 ppm which 
correspond to protons of methyl, methine and methylene protons. 13C NMR spectroscopy 
was also accomplished in order to confirm the absence of vinyl groups. The spectrum is 
reported in Figure 110. From the I3C NMR spectrum, the chemical shifts are between 10 and 
40ppm, which correspond to those from the aliphatic chain. Therefore, Nexbase 3050 
contains only saturated aliphatic chains and it will, therefore, not act as a chain transfer agent. 
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Figure 109 IH NMR spectrum of Nexbase 3050. 
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Figure 110 \3C NMR spectrum ofNexbase 3050. 
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4.2.3.3 Terpolymerisation 
From the previOus work undertaken on the copolymerisation of nBMA and APMA in 
dioxane, it was found that high conversion copolymers were obtained in a short period of 
time, between 90 min to 4 hours, depending on the mono mer feed ratio. Increasing the ester 
group size of the alkyl methacrylate is believed to have little influence on the conversion lIS. 
The use of this higher alkyl methacrylate as a monomer for preparing DVM polymers is 
crucial. Indeed, the nBMAJAPMA copolymers are only slightly soluble in Nexbase oil even 
at a low concentrations (1 Owt%). Therefore, in order to increase oil solubility 
terpolymerisation of nBMA, APMA and C12- 15 methacrylate was undertaken in the base oil. 
The feed ratio of APMA introduced is relatively low, only 5wt% of the total monomer 
weight, compared to all the copolymers reported here so far. The reason of such a low 
concentration of APMA is that the APMA unit is relatively polar. Therefore, increasing the 
APMA unit content in the terpolymer might eventually reduce its solubility in most common 
base oil. 
For all experiments, the reactions were followed by the change of refractive index which was 
monitored at regular intervals to obtain a stable refractive index. After reaching a stable 
refractive index, at about 1 hour reaction time, no further portion of AIBN was added since 
the mixture was highly viscous. Therfore, AIBN would not have been evenly dissolved and 
dispersed. Therefore, the reaction was stopped by lowering the temperature to room 
temperature. Figure III shows the refractive index of the various terpolymers in base oil 
versus time_ There appears to be only marginal differences between the results obtained for 
all the mixtures. They all have the same trend: an increase of RI with time up to a plateau 
after about 1 hour of reaction. The final refractive index of all mixtures is between 1.475 and 
1.476. 
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a- NMR spectroscopy 
IH NMR spectroscopy was accomplished for the terpolymers as described in Section 3.3.3.2. 
The IH NMR spectra of 75/20/5 wt% C12-1S alkyl methacrylate/nBMAlAPMA terpolymer are 
shown in Figure 112 (See also Figures 124 to 128 in the Appendix for the 100/0/5, 75/20/5 
and 65/35/5 wt% C 12- 1S alkyl methacrylate/nBMAlAPMA terpolymers). 
In the spectral region for vinyl protons, between 5.0 and 6.5ppm, there are only two signals at 
about 5.5ppm and 6ppm, which belongs to unreacted C 12-1S alkyl methacrylate. The signals 
are relatively low confirming that the conversion is high. The signal at 3.9ppm corresponds 
to the methyleneoxy protons of the alkyl methacrylate units from the terpolymer. Another 
signal appears in the methyleneoxy region between 4.0 and 4.2 ppm. This latter corresponds 
to the chemical shifts of the methyleneoxy protons of the unreacted C12- 1S alkyl methacrylate. 
The other signals at high field ranging from 0.7ppm to 2.1 ppm are due to the methyl, 
methylene and methine protons of nBMA, C 12-1S alkyl methacrylate and Nexbase 3050. 
The terpolymer contains aromatic units whose chemical shifts should appear between 6.5 to 
7.5ppm. However, the resonance signals at 6.5ppm to 7.5ppm are very weak. This is mainly 
due to the fact that the concentration of aromatic groups from the APMA unit is very low in 
the terpolymer. Indeed, the amount of APMA is 5wt% relative to monomers and the total 
concentration of monomers in Nexbase 3050 is 70wt%. Therefore, the final concentration of 
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APMA in the mixture is 3.5wt%. However, the magnitude of NMR resonance signals is 
proportional to the molar concentration of the sample 114. Thus, a small or dilute sample will 
give a weak signal. By magnifying the aromatic region, there is the presence of a broad weak 
peak indicating the presence of a low concentration of APMA. As there is an absence of 
vinyl protons, it can be said that aromatic signal belongs to the APMA units in the 
terpolymer. 
The molar fraction of the unreacted monomers in the mixture can be determined from the 
assignment of distinct and well separated resonance peaks in the 1 H NMR spectra. Thus, the 
mole fraction of unreacted monomers was detennined from the ratio of the integrated values 
of the intensities of the methyleneoxy protons from the total alkyl methacrylate (nBMA and 
C 12- 15 alkyl methacrylate) and of the vinyl protons of the unreacted C 12- 15 alkyl methacrylate. 
Indeed, from all the IH NMR spectra, the vinyl protons belong only to C 12-15 alkyl 
methacrylate. 
Let m3 be the mole fraction of total alkyl methacrylate (nBMA and C 12- 15 alkyl methacrylate) 
and ffi4 = l-m3 be that of the unreacted C12- 15 alkyl methacrylate. There are two methyleneoxy 
protons between 3.8ppm and 4.2ppm and I vinyl proton at about 5.5ppm or 6.1 ppm. 
c = Integrated int ensities of methy leneoxy protons (1 M) = 2 m3 
Integrated int ensities of vinyl proton (1 v) 1 m4 
On simplification: 
C' 
m =-- -
3 C' + 2 
Equation 64 
Equation 65 
The results for the unreacted monomers are reported in Table 45 as mole fractions. They are 
relatively low, ranging between 0.04 and 0.1 mol% of unreacted monomer. It can be 
concluded that high conversion polymers were obtained. 
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Table 45 Mole fraction ofunreacted e 12- I S alkyl MA 
IM Mole fraction 
Sample Fractional weight in feed Iv 
(from 3.8 to of unreacted 
code (~ 6.1ppm) 
CI2- IS MA nBMA APMA 4.2ppm) C 12- IS MA 
Cmob096 0.95 0.00 0.05 1.00 54.08 0.04 
Cmob097 0.85 0.10 0.05 1.00 64.64 0.03 
Cmob098 0.75 0.20 0.05 1.00 17.31 0.10 
Cmob099 0.65 0.30 0.05 0.48 16.46 0.05 
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Figure 112 IH NMR spectra of the crnob097 terpolyrner (85110/5 wt% OfC 12-15 alkyl methacrylate/nBMAJAPMA at 70wt% in Nexbase 3050). 
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b- GPC analysis 
The GPC system was calibrated with polystyrene (PS) calibrants. The results are 
summarised in Tables 46 to 49 as the calculated Mn, Mw and PDr values. Figures 113 
to 116 show the molecular weight distributions. The plots were all normalised with 
respect to area, the y-axis being a function of weight fraction of polymer. The results 
have been computed using the refractive index detector alone. 
The samples have generally similar shaped molecular weight distributions and 
polydispersities. However, it can be seen that the presence of a low molecular weight 
tail to some molecular weight distributions lowering Mn and increasing the apparent 
polydispersity. The weight average molecular weight of the terpolymers are above 
200,000g/mol and this increases with a decrease of nBMA content in the feed. 
The presence of several peaks at high retention time, corresponding to low molecular 
weight materials, can also be seen in all chromatograms. As has been mentioned, the 
mixtures analysed are not neat polymeric materials. They contain polymers, solvent 
and unreacted monomers. The peak at about 30 minutes conesponds to the weight 
average molecular weight of Nexbase 3050, which is about 600g/mol. The one 
appearing at a retention time of 33 minutes conesponds to the unreacted C12-15 alkyl 
methacrylate. The percentage area can give information on the amount of polymer 
and solvent present in the mixture. The monomers were originally 70wt% in Nexbase 
3050. From the NMR spectrum, the monomer left is only some C12-15 alkyl 
methacrylate. It was calculated to be between 4mol% to lOmol% and cmob098 
(75 /30/5 wt% of CI2-15 methacrylate/nBMAlAPMA) was the one having the higher 
amount of unreacted monomer. The GPC results confirmed the results obtained by 
NMR spectroscopy. Indeed, polymeric materials are about 70wt%, except for 
cmob098 with a weight fraction of about 0.66. From those results, it can defrnitely be 
said that high molecular weight polymers with high conversions were synthesised. 
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Table 46 Molar mass and polydispersity of the cmob096 terpolymer (95 /10/0 wt% of 
C12- 15 alkyl methacrylate/nBMAlAPMA, 70wt% in Nexbase 3050). 
Molar mass 
Retention time PDI 
Peak (g/mol) 
(minutes) 
Mw Mn Mw/Mn 
1 20 424700 85800 4.95 
2 31 649 602 1.08 
Table 47 Molar mass and polydispersity of the cmob097 terpolymer (85/1 0/5 wt% of 
C12- 15 alkyl methacrylate/nBMAlAPMA, 70wt% in Nexbase 3050). 
Molar mass 
Retention time PDI 
Peak (g/mol) 
(minutes) 
Mw Mn Mw/Mn 
1 20 337000 108300 3.11 
2 31 638 592 1.08 
Table 48 Molar mass and polydispersity of the cmob098 terpolymer (75120/5 wt% of 
C12- 15 alkyl methacrylate/nBMAlAPMA, 70wt% in Nexbase 3050) 
Molar mass 
Retention time PDI 
Peak (g/mol) 
(minutes) 
Mw Mn MwlMn 
1 20 337800 144800 2.33 
2 31 678 651 l.08 
Table 49 Molar mass and polydispersity of the cmob099 terpolymer (65 /30/5 wt% of 
C 12-1 5 alkyl methacrylate/nBMAI APMA, 70wt% in Nexbase 3050) 
Molar mass 
Retention time PDI 
Peak (g/mol) 
(minutes) 
Mw Mn Mw/Mn 
1 21 241 600 85900 2.81 
2 31 637 590 l.08 
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Figure 115 Molecular weight distribution of the cmob098 terpolymer (75/20/5 wt% 
ofC l2_l s alkyl methacrylate/nBMAlAPMA at 70wt% in Nexbase 3050) 
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Figure 116 Molecular weight distribution of the cmob099 terpolymer (65/30/5 wt% 
OfC I2- I S alkyl methacrylate/nBMAlAPMA, 70wt% in Nexbase 3050). 
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4.3 Dispersancy performance 
The products were tested for soot dispersancy using the rotational rheology methods 
employed by Lubrizol to measure the Newtonian character of drain oils. The samples 
were subjected to oscillation with the use of a 40 mm flat plate over a temperature 
ranging from 40 to 150°C. The ability of the candidate to reduce the buildup of 
associations between molecules soot particles is measured as a modulus 115. 
G' is temperature dependent with stnlcture build up occurring at 90-105°C for the 
more non-Newtonian drain oils 11 5. Indeed, the critical temperature range is between 
95 and 105°C as this is the operating temperature over which it would be expected to 
reduce soot structure build-up. The more non-Newtonian is the drain oil, the higher is 
the storage modulus. 
As mentioned in previous sections, polymeric materials with pendent MA are claimed 
to have a wide range of possible uses. In the lubricating area, the succinic anhydride 
products are useful as dispersants. Moreover, as pointed out earlier, MA grafting 
provides enhanced polarity and functionality on polymeric substractes. These two 
added features have been exp loited to prepare new products. Indeed, primary amine 
derivatives of the MA grafted polyolefins maybe converted to maleimide grafts, also 
known as polysuccinimides. The polysuccinimides, generally, leads to other 
dispersant additives having improved dispersancy and/or detergency properties than 
the MA grafted polyolefins when employed in lubricating oil. In addition, these 
polysuccinimides have advantageous viscosity modifying properties, and may provide 
a viscosity index benefit when used in lubricating oils. Therfeore, it may permit 
elimination of some portion of the viscosity index improver from multi-grade 
lubricating oils 11 9, J33 . 
Polysuccinimides were prepared at Lubrizol using the grafted polymer prepared at 
optimum condition in the twin screw extruder and two types of amines: 4-
aminodiphenylamine (ADPA) and 3-(dimethylamino)propylamine (DMAPA). The 
procedure for preparing those succinimides was not communicated due to 
confidentiallity. Those samples were coded by Lubrizol as OCP - gMAA+ADPA 
and OCP - gMAA+DMAPA for polysuccinimides prepared with ADPA and 
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DMAP A, respectively. Figure 117 showed the polymer structures of the succinimides 
tested. 
o 
o 
1 
R 
N-o-NH 
o - b 
ocp - gMAA ADPA 
R 
o ocp _ gMAA DMAPA 
Figure 117 Structures of the polysuccinimides tested for dispersancy. 
Terpolymers of C 12- 15 methacrylate, nBMA and APMA were also tested for 
dispersancy. Table 50 gives the composition of monomers in the feed for the 
po lyalkyl methacrylate tested. 
Table 50 Polyalkyl methacrylates tested for soot handling. 
Sample Fractional weight in feed 
code 
C 12-1S MA nBMA APMA 
Cmob096 0.95 0.00 0.05 
Cmob097 0.85 0.10 0.05 
Cmob098 0.75 0.20 0.05 
Cmob099 0.65 0.30 0.05 
The viscometric characteristics of the oils containing polysuccinimides and the 
polyalkyl methacrylates were then measured and compared under the same conditions 
with the commercial product HITEC 5777 available from Afton Chemical. HITEC 
5777 represents the level of performance that Lubrizol would like to attain. 
The results of the rheology tests using 0,5 wt% active matter of polysuccimide, drain 
oil and HITEC 5777 are shown in Figures 118. Figure 119 shows the dipersancy 
performance of the polyalkyl methacrylates, drain oil and HITEC 5777. From those 
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figures , it can be seen that all the synthesised products exhibit lower dispersancy than 
that of HITEC 5777. 
From Figure 118, the results showed that the product prepared with the ADP A 
provided, in general, better soot dispersion than the corresponding materials prepared 
using DMAP A. It can be seen that the presence of an aromatic amine leads to good 
soot dispersion performance. However, neither of them performed as well as Hitec 
5777, but the ADPA polymer was a good performer and showed good soot handling 
up to 125°C. 
From Figure 119, it can be seen that the terpolymer containing the highest amount of 
nBMA in the feed provided, in general, better soot dispersion than corresponding 
materials prepared with lower amount of nBMA. However, their performances were 
far from that of HITEC 5777. Therefore, mixtures of alkyl methacrylate and nBMA 
are required in order to improve the soot handling. It can also be seen that terpolymers 
with a fractional weight of less than 20wt% (cmob096, cmob097 and cmob098, 
rescpectively, 0, 10 and 20wt% of nBMA in the feed) showed a similar trend and poor 
soot handling. This latter means that the amount of nBMA introduced in the feed 
should be at least 30wt%. Moreover, from the dipersancy results obtained for the 
polysuccinimides it can be said that the aromatic amine groups in the polymer 
backone help to yield a better dispersancy performance. The terpolymers tested 
contained a fixed amount of APMA introduced in the feed, which is 5wt%. An 
increase of the amount of APMA in the feed might lead to improved dispersancy 
results. Therefore, the effect of the amount of APMA and nBMA in the feed on the 
dispersancy could be investigated in future work. However, due to the polarity of 
APMA, they might be a restriction on the amount of APMA introduced since its 
solubility is poor in base oil. 
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Figure 118 Rheology results for the polysuccinimides, HITEC 5777 and sooted drained oil. 
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Figure 119 Rheology results for the nBMAlAPMA terpolymers, HITEC 5777 and sooted drained oil. 
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5 Conclusions 
5.1 Free radical grafting polymerisation 
FTIR analysis and chemical titration methods were used to determine the grafting 
yield of MA onto an ethylene-propylene copolymer prepared by internal mixer and 
reactive extrusion. 
The complete elimination of unreacted MA is of great importance in order to get 
accurate value of the grafting yield. The technique of purification used in this study 
was efficient for removing unreacted monomer. However, the purified polymeric 
samples contained three grafted species: the anhydride form, the acid form and the 
ester-acid form, which leads to problems with assessing the level of grafting. 
One of the mam problems was heterogeneity of the neutralisation by chemical 
titration, which occurred when the Lubrizol analytical method was used. Titration 
studies on model compounds confirmed that the use of an organic base such TBAOH 
avoided the previous drawbacks. TBAOH reacts always towards the anhydride 
functions following a one to one stoichiometry whatever its form (anhydride form, 
acid form, or ester-acid form). 
\ 
Therefore, the ethylene-propylene copolymer grafted with MA can be accurately 
titrated with a methanolic solution of TBAOH as the titrating agent when a 
bromothymol blue indicator is chosen. 
These acid-base titration results were validated by FTIR spectroscopy quantification. 
However, most of the time grafting yields determined by FTIR analysis were higher 
than those obtained by the titration method. This was mainly due to the presence of 
water vapour signals in the carbonyl wave number window, which can greatly 
increase errors by up to 75%. Another error from FTIR analysis is related to the 
calibration results used for grafting level quantification. Calibration results were only 
determined for the anhydride from SA, despite the grafted materials being present as 
three different species. Absorptivity does change from molecule type to molecule type 
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and from wave-number to wave-number. Therefore, the grafting level can not be 
accurately quantified by FTIR spectroscopy. This means that under conditions of high 
water vapour content, FTIR analysis can only be used as a qualitative method, while 
under low water vapour conditions, FTIR analysis can be used as a quantitative 
method. 
From the results obtained, it has been found that working at a high ratio of DCP to 
MA (1:1.5) leads to an increase in side reactions reflected by an increase of an 
undissolved fraction (gel can reach 50wt%). At higher concentrations of MA (ratio of 
DCP to MA (1:4.5)), the grafting reaction dominates over degradation. Moreover, 
high levels of grafting can be obtained (> 1 wt%). However, the polyolefins were still 
crosslinked to some extent. Therefore, those products are not commercially 
interesting. 
At a much lower ratio ofDCP to MA (1:18), the grafting yield was very low, even nil. 
From the previous results obtained, working at high MA concentration leads to an 
increase in the grafting yield (for example a ratio of DCP to MA 1 :4.5) to reach a 
maximum. Above this optimum, the grafting yield decreased dramatically. Therefore, 
an increase of MA concentration does not necessarily increase the grafting level. 
Indeed, when the concentration of MA is too high, free radicals are consumed by MA 
homopolymerization, which reduces the number of radicals available to induce 
hydrogen abstraction from the polyolefin backbones. Consequently, the grafting 
degree of MA is low and side reaction, homopolymerization, increases. 
One of the main objectives of this project was to obtain a high level of grafting 
without product detriment. This target criterion was largely met for samples made at 
3:0.5 (wt%) of MA to DCP with a grafting level above lwt% being reached. From the 
preliminary investigations, it has been found that sample cmob031 had a high level of 
grafting. This sample formulated at 3:0.5 (wt%) of MA to DCP was made under the 
following conditions: 170°C, 5 minutes, 150 rpm. To ensure that the optimum 
conditions are those used to make cmob031 (highest level of grafting without product 
detriment) more investigations were undertaken on samples formulated at 3:0.5 (wt%) 
of MA to DCP. The level of grafting was determined by chemical titration and FTIR 
analysis was also carried out to check the titration data. The revised optimum 
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conditions found via this reduced matrix of samples were 170°C, 150 rpm and 15 
minutes. Moreover, the optimum sample were prepared three times using the batch 
internal mixer in order to check batch-to-batch variation and showed lttle variation. 
As a conclusion, the main objectives of this project, which was to apply melt 
techniques to replace the solvent-based free radical grafting reaction currently used 
and to optimise the grafting level without product detriment, has been reached. Most 
of specific objectives were also reached. 
~ To establish the most efficient analytical technique for grafting quantification. 
~ To characterize the grafted material and to quantify the level of grafting. 
Moreover, preparation of grafting MA onto an ethylene-propylene copolymer on a 
large industrial scale was achieved by transferring the small scale academic procedure 
to an industrially viable synthesis. The latter material was structurally consistent with 
the previous material produced in the batch internal mixer under the optimum 
conditions. 2kg were sent to Lubrizol for dispersancy tests. In order to do so, the 
grafted polymer was converted into succnimides using two types of primary amine: 4-
aminodiphenylamine (ADPA) and 3-(dimethylamino)propylamine (DMAPA). From 
the dipersancy results, a material with an aromatic amine in the polymer backbone has 
better dispersancy performance than a non-aromatic amine. The most promising 
dispersant was the modifided-grafted polymers with ADP A. Indeed, good soot 
handling was observed up to 125°C, but its performance was not as good as the 
commercially HITEC 5777 materials. 
5.2 Free radical copolymerisation 
Copolymers of APMA and nBMA and their corresponding homopolymers were 
synthesised by free-radical solution polymerisation using AIBN as initiator. The 
copolymers were structure-elucidated by FTIR, IH-NMR and I3C-NMR spectroscopic 
techniques. Copolymers compositions were determined by IH-NMR analysis. 
Fineman-Ross and Kelen-Tildos methods were used to evaluate the reactivity ratios of 
APMA and nBMA. The values strongly suggest that the growing radicals with either 
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monomenc end exhibit no preference for hompolymerisation or block 
copolymerisation and that truly random copolymers would result. 
GPC data infer that the polydispersity indices of these copolymer systems are close to 
2, which suggests a strong tendency for the copolymers to terminate by 
disproportionation. The glass transition temperature of the copolymers and 
homopolymers were determined by MTDSC which detected different relaxations: a 
and~. It was concluded that the transition (~) at low temperature might be due to 
hydrogen bonding. The a transition corresponds to the glass transition temperature. 
The single Tg of copolymers lies between the Tgs of the homopolymers. Also, the 
results clearly indicated that Tg values of the copolymers depend on comonomer 
composition and decrease with decreasing APMA content and the variation is 
essentially linear. Moreover, a single Tg indicates the absence of the formation of the 
mixture homopolymers or the formation of block copolymers. Therefore, the 
formation of random copolymers was confirmed. 
Data obtained from this work on the copolymerisation of nBMA and APMA in 
dioxane were used to perform terpolymersiations of APMA with nBMA and C12-15 
methacrylate in base oil. IH NMR spectroscopy was used to elucidate the structures of 
the terpolymers and to determine the molar fraction of the unreacted monomers in the 
mixture. IH NMR spectroscopy confirmed the presence of a relatively low amount of 
unreacted monomer indicating that high conversion was obtained for the terpolymers. 
The molecular weight distribution of the terpolymers was determined using GPC. The 
samples have generally similar shaped molecular weight distributions and 
polydispersity indices which were higher than 2. This latter is due to the presence of a 
low molecular weight tail in some of the molecular weight distributions. The weight 
average molecular weight of the terpolymers was above 200,OOOg/mol and increased 
with a decrease in the nBMA content in the feed. 
Those terpolymers were tested by Lubrizol for dispersancy performance. The results 
clearly indicated that the soot handling of the terpolymers depends on comonomer 
composition and it increased with increasing nBMA content. However, the results 
were not as good as the commercially target (HITEC 5777) or the aromatic 
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polysuccinimide. Therefore, further work needs to be undertaken to improve the 
performance. 
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6 Further work 
To complete, more fully, this study, the following actions are suggested. 
1) Preparation of a number of polysuccinimides using different types of amines. 
Preference should be given to amines with aromatic groups in order to improve soot 
handling. 
2) Preparation of terpolymers of APMA, nBMA and el2-15 methacrylate in base oil at 
a wider range of feed ratio. Terpolymers containing at least 30wt % of nBMA and 
more than 5wt% of APMA should be prepared first. It is anticipated that increasing 
APMA content in the terpolymer may increase its dispersancy performance. 
3) Publish at least three articles regarding the grafting polymerisation and the free 
radical polymerisation of alkyl methacrylates. 
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7 Appendices 
Appendix 1 - Titration method used by Lubrizol Ltd 
~ Apparatus 
Burette, 1 amI 
Magnetic stirrer and 1 Teflon-coated magnetic stirrer bar 
Volumetric flask, 1000ml, with glass stopper 
Erlenmeyer flasks, 250ml 
~ Chemicals 
Thymol blue 
Sodium methoxide 
Toluene 
Methanol 
Benzoic acid 
Sodium hydroxide pellets 
Drierite 
~ Solution 
Thymol blue indicator solution is 0.1 %w/w in methanol. Shelf -life is one week 
~ Standard solution 
O.IN NaOCH3 standard solution prepared by dissolving 7g of NaOCH3 in 250ml methanol 
and diluting to 1000ml with toluene in a volumetric flask. Drierite (CaS04) was used to 
protect the solution from atmospheric C02 and moisture. 
~ Standardization 
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In a 250ml Erlenmeyer flask, O.1g of benzoic acid is accurately weighed and dissolved in 
100ml of toluene. Sufficient (0.5ml) thymol blue indicator solution is added and the solution 
is titrated with O.IN NaOCH3 to a deep blue colour which remains for 30 seconds. A blank 
was determined for the toluene solvent. 
N = Sample weight 
122.1x(V - Vo)xlO-3 
Equation 66 
Sample weight is the accurate weight of benzoic acid in gram, 122.1 is the molecular weight 
of the benzoic acid. V, Vo are, respectively, volume titrated on the sample and volume 
titrated on the blank in ml. 
In this study, NaOCH3 standard solution had a concentration of 0.114N. 
;.. Procedure 
Ig of sample to be analysed is weight accurately and dissolved in 100ml of toluene at boiling 
temperature. The solution is then poured into a 250ml Erlenmeyer flask, O.5ml of TB 
indicator solution is added under mixing conditions. The solution us titrated slowly with 
0.114N standardized NaOCH3. The titration is stopped at the visual end point when the 
colour change is stable (yellow to blue). A blank titre is determined in the same manner on 
100ml toluene. 
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Appendix 2 - Gel content 
A study was undertaken to find the appropriate time of immersion of the mesh basket 
plus sample in toluene. As the cmobO 11 sample has a high amount of undissolved 
material, its gel content was determined over time. 
The cross-linked cmobO 11 was placed in a pre-weighed 100 mesh stainless steel 
basket and immersed in refluxing toluene. The sample was allowed to dissolve for 
24h, after which time it was removed from the toluene solvent and immediately 
placed in a vacuum oven at 110°C. After a 24h period, the sample was removed from 
the oven, allowed to cool and then weighed. The gel content was 38.97wt%. 
This procedure was repeated with the same mesh basket for a further 16.5h (total time 
was 40.5h) in toluene. No change of weight was found. A further immersion of 7.5h 
(total time was 48h) in toluene was applied to the same mesh basket. Again, no 
change of gel content was detected. 
It can be concluded that 24h immersion in toluene was sufficient to dissolve all the 
soluble fraction of these polyolefins. 
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Appendix 3 - DSC analysis 
Figure 120 DSC thermogram ofundissolved fraction of cmobOll. A-first heating and 
cooling, B-second heating. 
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Figure 121 DSC thermogram of un dissolved fraction of cmob028. A-first heating and 
cooling, B-second heating. 
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Figure 122 DSC thermogram of un dissolved fraction of cmob035. A-firsting heat and 
cooling, B-second heating. 
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Figure 123 DSC thermogram of un dissolved fraction of cmob039. A-first heating and 
cooling, B-second heating. 
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Appendix 4 - IH NMR spectroscopy analysis 
Figure 124 IH NMR spectra of cmob096 (95/0/5 wt% of C12.15 methacryiate/nBMAI APMA at70wt% in Nexbase 3050). 
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Figure 125 IH NMR spectra of cmob098 (75/20/5 wt% OfCI2-IS methacrylate/nBMAlAPMAat 70wt% in Nexbase 3050). 
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Figure 126 IH NMR spectra of cmob099 (65/30/5 wt% OfC12-15 methacrylate/nBMAlAPMA at70wt% in Nexbase 3050). 
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